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DEFINITIONS 


Because  the  terminology  In  the  field  of  meteor 
astronomy  has  sometimes  been  confusing  it  seems  advisable 
to  present  tho  definitions  of  some  words  and  phrases  as  they 
will  bo  used  here* 

V 

Both  meteor  and  meteoroid  are  used  to  designate  the 
body  producing  the  meteoric  phenomena  although#  strictly 
speaking,  a  meteor  is  a  phenomenon  and  a  meteoroid  la  the 
body  that  produces  it*  This  duplication  of  terms  is  not  a 
necessity  but  it  is  customary;  habit  is  our  only  esceuae  for 
using  both.  Meteoroid  is  usually  reserved  for  discussions 
of  the  physical  or  chemical  properties  of  the  material 
itself.  Meteor,  on  the  other  hand,  often  indicates  our 
concern  with  tho  kinematics  of  the  body.  Thus,  we  refer 
to  the  density  of  the  meteoroid  and  to  the  velocity  of  the 
meteor. 

&  photograph  of  a  meteor  is  called  a  trail.  The  trail 
appears  on  the  photographic  film  as  a  series  of  dashes 
(exposed  portion)  and  breaks  (unexposed  portion  caused  by  an 
occulting  shutter).  One  shutter  cycle  is  the  distance,  in 
space  or  time,  covered  by  a  dash  and  a  break.  A  meteor 
photographed  by  two  cameras  at  different  stations  is  a 
meteor  pair.  Zf  photographed  by  one  camera  only,  the  trail 
is  called  a  single-station  meteor. 


When  observing  a  bright  meteor  visually#  on©  often 
sees  a  streak  of  luminosity,  after  the  passage  of  the  meteor, 
which  may  persist  for  a  matter  of  seconds*  This  delayed 
luminosity  is  referred  to  as  the  meteor  train*  Presumably 
it  is  caused  by  recombinations  of  meteoric  and  atmospheric 
ions  and  atoms*  Zf  a  train-producing  meteor  ww  photographed 
the  effect  of  the  train  would  be  to  fill  in  the  breaks  of 
the  trail*  The  same  kind  of  result  would  be  seen  on  & 
meteor  photograph  if  small  particles  were  detached  from 
the  meteoroid*  These  fragmented  particles  would  decelerate 
with  respect  to  the  larger  body  and,  eventually,  lag  behind* 
The  luminosity  derived  from  the  fragments  would,  in  part, 
fall  in  the  breaks  of  the  trail  produced  by  the  meteor 
itself*  We  will  refer  to  this  phenomenon  as  the  meteor  wake* 
A  part  of  this  thesis  will  be  an  attest  to  show  that  the 
above  definition  serves  as  a  reasonable  interpretation  of 
most  of  the  intensity  in  the  break®*  It  will  be  convenient 
to  assume,  for  the  present,  that  the  proceeding  explanation 
is  correct*  The  Justification  will  be  presented  {Chapter  IV) 
when  sufficient  data  are  available* 

If  the  meteoroid  breaks  into  many  particles  of  about 
the  same  sise,  the  alight  differential  deceleration  may 
eventually  cause  the  luminosity  to  extend  over  an 
appreciable  length  of  the  trail*  Xn  such  a  case  the  breaks 
may  be  altogether  obliterated  and  we  see  a  phenomenon  called 
'’blending**1  Since  this  will  be  observed  st  the  end  of  the 
trail,  it  has  been  designated  as  terminal  blending. 


METEOR  NOo  3567 

An  enlargement  (4x)  of  a  meteor  trail  showing  wake  and 
some  terminal  blending. 
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CHAPTER  I 


BACKGROUND 


A.  Meteor  Problems. 

The  various  aspects  of  meteor  astronomy  may  be 
described  by  a  series  of  questions,  not  yet  answered  in 
their  entirety,  that  might  arise  in  the  mind  of  any 
scientist  confronted  with  the  elementary  observational 
facts.  What  is  the  origin  of  meteors,  and  their  history 
in  space?  What  is  their  physical  and  chemical  structure? 
These  might  be  called  the  astronomical  questions*  They  are 
distinct  from  the  physical  questions*  how  do  these  bodies 
interact  with  the  atmosphere,  dynamically  and  physically? 

The  first  two  questions  are  self-explanatory  and  their 
answers,  in  general,  will  be  descriptive.  The  last  problems 
are  analytic  in  nature,  and  may  be  enlarged  upon  immediately. 

We  require  that  momentum  and  energy  be  conserved  in 
any  process  as  the  meteor  penetrates  the  atmosphere  and 
collides  with  the  air  molecules.  The  rate  of  change  of 
momentum  is  given  by  the  drag  equations 

=  -rA(/ov)  v,  ci) 

where 

P  *  atmospheric  density, 
v  =  meteor  velocity  with  respect  to  the 
atmosphere, 

pv  =  mass  of  air  penetrated  by  &  unit  area  of 


the  meteoroid  per  second. 


z 


f\  -  effective  area  of  the  meteoroid,  i.o*,  the 

frontal  area  projected  on  a  plane  perpendicular 
to  the  meteor' 8  motion, 

P  =  the  drag  coefficient,  a  unitless  number 
representing, in  essence,  the  elasticity  of 
collisions  between  the  air  molecules  and  the 
meteoroid,  and 
m  «  mss  of  the  meteoroid* 

We  may  substitute  for  the  effective  area  the  quantity 

A  .  ta2/3  \2/i,  (2) 

where 


6^  =  density  of  the  meteoroid,  and 
A  =  a  shape  factor. 

Then  from  (1)  and  (2)  it  follows  that 


(3) 


divan  a  knowledge  of  the  parameters  of  this  equation,  we  have 
then  solved  the  dynamical  problem* 

With  respect  to  the  energy,  we  can  state  a  priori  that 
the  energy  per  second  available  for  $11  processes  Isj 


dJE  _  1  Q 3 

cTF  ~ 


That  the  collisions  are  not  elastic  is  obvious  from  the 
fact  that  the  meteor  is  observed;  that  is,  some  translational 
energy  is  dissipated  in  the  form  of  radiation.  Energy  may  be 


dissipated  through  dissociation  of  meteoric  and  air  molecules, 
excitation,  ionisation,  compression  of  air,  sputtering  of 
atoms  or  fragmentation  of  larger  particles  from  the  meteoroid 
surface,  and  heating  of  the  meteoroid  with  subsequent 
vaporisation*  The  rate  of  mass  loss  of  the  meteoroid  depends 
on  the  last  three  of  these  processes:  sputtering, 
fragmentation,  and  vaporisation,  The  rate  at  which  energy 
is  supplied  to  each  of  these  processes  will  be  some  fraction, 
of  the  total  rate,  or 

1 Sr  -  f y^v5’  (5) 

where  the  subscript  i  refers  to  any  of  the  various  mass-loss 
processes.  If  ^  is  the  energy  required  to  remove  a  gram 
of  material  by  a  particular  process,  then  the  raass  loss  is 
given  by  the  equation 

L  —A  *  -  |  2^1  fl^v5.  (6a) 

i  dt  ® 

The  existing  data  on  sputtering  Indicate©  that  this 

method  of  ablation  will  be  unimportant  compared  to 
vaporisation.  In  any  case,  our  observations  cannot 
distinguish  between  the  two  processes. 

The  second  physical  problem  relates  to  the  luminosity 
of  the  meteor*  Prom  the  spectra  of  meteors  we  know  that 
much  of  the  light  occurs  in  lines  arising  from  electronic 
transitions  in  meteoric  atoms*  The  black  body  radiation  is 
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small ,  as  It  must  be  for  bodies  of  this  size  at  their 
vaporization  temperature*  These  facts  alone  are  sufficient 
to  suggest  that  the  luminosity  is  due  to  collislonal 
excitation  of  ablated  meteor  atoms*  The  important 
theoretical  problem,  attacked  by  Opik  (1935),  is  the 
derivation  of  the  luminosity  factor,  T •  This  quantity 
relates  the  available  energy  to  the  amount  of  visible  (or 
photographic)  light  produced  by  the  meteor*  We  assume  that 
the  radiation  Is  proportional  to  the  kinetic  energy,  with 
respect  to  the  colliding  air  molecules,  of  feh9  ablated 
meteor  atoms*  Then,  the  intensity  per  second  is  given 
by  the  relation 


x  -  *  Kv2  f  • 


(7a) 


The  mass  loss,  |j^»  in  this  equation  represents  only 
that  mass  lost  in  such  a  form  that  a  later  collision  with  an 
air  molecule  will  produce  light*  That  is,  the  material  must 
be  lost  in  atomic  (or  possibly  molecular)  for as*  This  type 
of  loss  includes  sputtering  or  vaporization  but  not 
fragnentation  or  melting  with  consequent  loss  of  molten 
droplets.  In  these  latter  cases,  the  fra^nents  or  droplets 
must  themselves  be  vaporized  before  light  ie  produced*  The 
actual  mass  loss  which  is  measured  at  any  time  is,  on  the 
basis  of  Opik’s  theory,  an  atomic  particle  loss*  'We  will. 


then,  rewrite  equation  (6a)  in  the  form. 
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»  =>  $|  *  •  ^  A8n**2^5  (6b) 

where  the  mass  loss  and  the  constants /\  and  t  now  represent 
the  sum  of  those  processes  which  ablate  material  from  the 
meteoroid  in  the  form  of  atoms  or  molecules*  Substituting 
this  in  equation  (7a) ,  we  derive  the  luminosity  equations 


©pile's  semi»classical  approach  could*  in  theory,  be 
improved  upon  by  quantum  mechanical  methods,  Few  experimental 
data  exist  on  collisional  excitations  by  neutral  atoms  of 
this  energy  range  (^100  e.v.).  Consequently,  tJpik's 
results  ©re  still  in  use,  although  vie  must  consider  this 
value  as  only  a  first  approximation  to  the  truth*  He  found 
the  luminosity  factor  to  vary  ass 


*  ”  r0  v 


where  **  constant.  Therefore 


%.  ,  71  /\  A  5 

r  -  .  12  v3  dm  _  °  -  ra 

*  — ? v  3E  — nr 


-2/3 


2/3  .  6 
ra  /°v  , 


(0) 

(9) 


Thus,  the  physical  problems  become  one  of  finding  values 
for  P,  A,  A>  Sjn,  £  ,  and  7£.  The  atmospheric  density,  /°  ,  has 
been  obtained  from  recent  rocket  measurements  (The  Rocket 
Panel,  1952)  and  will  not  be  considered  as  an  unknown  here. 
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B.  'ftie  Meteor  Data 

To  answer  our  questions  we  may  call  on  theoretical# 
observational#  and  experimental  techniques*  We  will  review 
these  tools  briefly*  We  have  already  spoken  of  theoretical 
approaches  to  the  problems  of  luminosity* 

Observational  data  may  be  obtained  photographically, 
visually,  or  by  means  of  radar  reflections  from  the  ion  colum 
formed  fey  the  meteor*  The  last  two  sources  will  not  concern 
us  here.  Let  it  suffice  to  state  that  the  radar  method  can 
give  us  (1)  the  range  of  the  meteor  at  the  point  of  closest 
approach  to  the  receiver,  (2)  the  apparent  angular  velocity 
of  the  meteor  at  this  point,  (5)  the  line  density  of  the  ion 
column  at  this  point  and,  under  certain  conditions,  (4)  the 
radiant  or  radiant  distance  of  the  measured  point  and  from 
this,  the  space  velocity  of  the  meteor* 

The  value  of  visual  observations  was  greatly  reduced 
by  the  advent  of  the  far  more  accurate  photographic  techniques. 
Furthermore#  some  statistical  problems  whose  solution  required 
the  large  number  of  visual  observations  are  now  best  treated 
with  the  still  more  numerous  and  more  accurate  radar  observations. 
And  it  is  certainly  not  amiss  to  assume  that  statistical 
problems  concerning  the  optical  properties  of  meteors  can 
be  most  accurately  approached  through  reductions  of  large 
numbers  of  faint  photographic  meteors  by  the  methods  used 
in  this  work. 


In  the  photographic  program  at  Harvard  „  a  pair  of  fast, 
wide  angle  cameras,  18  miles  apart,  are  used  to  photograph 
the  same  meteor*  'Bis  distance  between  the  cameras  is  the 
baseline  that  supplies  the  distance  scale#  To  provide  a 
time  scale,  a  shutter  occults  the  optical  aystem  at  known 
intervals,  and  Intersperses  the  meteor  trail  with  a  series 
of  breaks#  Measures  of  these  photographs  yield  directly 
the  radiant  and  the  height,  velocity ,  and  intensity  m  a 
function  of  time#  In  Chapter  II  we  will  describe  an 
approximate  method  for  finding  these  quantities.  A  summary 
of  the  mors  accurate  net  hod  utilised  by  Whipple  and  Jaechia  (i 
press)  may  be  found  elsewhere. 

Photography  of  meteor  spectra  and  time-lapse  photographs 
of  meteor  trains  have  given  additional  Infoimtlon  on  the 
meteoric  process.  The  reader  interested  In  details  my 
consult  papers  by  Hillman  {1932,  1953)  and  by  Cook  and 
Hillman  (1955)  for  spectroscopic  data,  and  papers  by  V/hipple 
(1953)  and  by  Id  Her  and  Whipple  (1954)  for  the  meteor  train 
data. 

Wind  tunnel  studies  and  measures  of  the  flight  and 
luminosity  of  high-speed  pellets  (Thomas  and  Whipple,  1951) 
(Rinehart,  Allen  and  White,  1952)  have  yielded  experimental 
results.  Such  work  has  given  a  good  estimate  of  the 
drag  coefficient,  P,  and  set  some  limits  on  the  coefficient 
of  heat  transfer.  A* 
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We  might  also  ©aspect  to  include  in  the  experimental 
data  the  results  of  studies  of  meteorites  which  yield  values 
for  the  meteoric  density,  fi^,  the  heat  of  vaporisation,  %  , 
and,  of  course,  chemical  and  physical  composition  in  general* 
In  that  these  data  represent  the  only  case  where  an 
astronomical  result  could  be  obtained  directly  in  a 
terrestrial  laboratory,  they  are  unique.  Unfortunately, 
however,  they  are  misleading,  for,  as  Whipple  (1952)  has 
shown  for  meteoric  densities  and  as  will  be  shown  here  for 
their  physical  structure,  meteorites  are  not  representative 
of  meteors  in  general*  Indeed,  the  difference  between 
photographic  meteors  and  meteorites  could  hardly  be  greater. 
Xfc  is  difficult  to  find  any  other  natural  substance  on  the 
surface  of  the  earth  with  the  tenacity  of  an  iron  meteorite 
and,  if  our  results  are  correct,  material  as  fragile  as  the 
ordinary  comefcary  meteoroid  could  not  long  exist  under 
conditions  on  the  earth's  surface. 

C.  Some  Important  Earlier  Work 

Let  us  assume  that  the  fundamental  qualities  that 
describe  a  meteor  *  the  radiant  and  the  velocity,  height, 
and  intensity  as  a  function  of  time  *  have  been  measured, 
and  let  us  apply  the  theory  outlined  in  the  first  section 
to  determine  what  we  can  about  the  meteor  problems. 

The  mass  of  the  meteoroid  at  any  time  is  given  by  the 
integration  of  equation  (9)1 


(10) 


-  9  - 

/-\50 

m(t)  *  £-  \  JL  dt, 
«.  v3 


Tb 


where  t  »  0  when  the  meteor  Is  first  detected.  A  lower 
limit  of  t — ->  -ooiB  used  to  express  the  mass*  before  any 
ablation  has  taken  place.  Since  the  intensity  of  the  meteor 
at  the  limit  of  detectability  is  usually  very  small  compared 
to  Its  maximum  Intensity#  even  a  bad  extrapolation  of  the 
light  curve  into  the  unobservable  region  will  produce  only 
a  small  error  in  the  initial  mass*,  (For  convenience, 

this  quantity  is  written  as  ,  A  similar  notation*  7^  ,  la 
used  for  the  velocity  of  the  meteor  before  it  has  suffered 
any  deceleration * ) 

With  the  mass  known,  we  may  use  equation  (3)  to  determine 
the  air  density*/3,  to  within  the  error  imposed  by  our 
ignorance  of  the  constants  of  that  equation.  Such  data  were 
among  the  first  to  give  us  information  of  the  upper 
atmosphere  (Whipple,  1939)*  Today,  v?e  can  assume  the  density 
to  be  known  from  rocket  measures  and  can  invert  the  equation 
to  obtain  information  about  the  meteor  in  terns  of  an 
observed  constant, 


Kl  .pa^/5  .  -,-v*  i  i*)i/5(g ). 

Or,  if  we  consider  7^  to  be  an  unknown  as  well,  we  get 


) 
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Whipple  (1935)  found  that  the  observed  values  of  this  overall 
constant  could  nob  fee  satisfied  fey  use  of  values  of  the 
individual  constant©  thought  to  fee  reasonable  *  Specifically, 
if  we  accept  the  value  of  PA.  measured  by  Rinehart,  Allen 
and  White  (1932)  for  high  speed  pellets,  and  the  value  of 

•  ft 

the  luminous  efficiency  determined  by  Op&k,  then  the 
corresponding  value  of  the  meteoric  density  is  about  0*3  gm/cm^ 
If  fch©  luminous  efficiency  is  increased  to  the  maximum 
possible  value  (an  efficiency  of  unity  for  the  fastest  meteor©) 
the  density  is  1*7  -  a  value  considerably  less  than 

that  found  for  any  meteorite.  Such  a  value  tempts  ub  to 
speculate  on  the  structure  of  a  cometary  meteoroid,  but  we 
will  limit  our  discussion  at  this  time  to  two  remarks «  First, 
Whipple  has  pointed  out  that  these  values  are  in  qualitative 
agreement  with  his  icy^conglomsrate  Comet  Hodel  (1950). 


Second,  our  knowledge  of  materials  formed  at  near  zero 
temperatures  and  pressures  is  admittedly  small,  toe  should 
guard  against  any  preconceived  ideas,  based  on  his  familiarity 
with  terrestrial  substances,  when  discussing  the  result 
cited  above. 

Another  ©bservationally  determined  constant,  relating 
to  the  rate  of  mass  loss,  may  fee  found*  Dividing  equation  (6) 


II  - 


by  equation  {?),  we  obtain  the  relation 


>«+<>o 


This  nay  be  Integrated  to  give? 

"  flv2  -  v2) 
m  =  Oq  e  * 


(13) 


(2.4) 


The  measured  values  of  (S'  t  as  determined  by  Jacehia,  range 
from  about  10  ~  to  greater  than  1Q~10°'>  (Jt£!L«.)#  jf  $?e 

C232 

assume  Rinehart's  value  of  P  =  0,42  and  use  the  vaporisation 


energy  of  stone  or  iron,  say  5°6°10  ergs/gram*  the  observed 
values  of  cr  determine  a  value  of  A  (see  Table  1)# 


Table  1 

The  Heat  Transfer  Coefficient  A  as 
Determined  from  Observed  Values  of  O', 


Cf{  sec/cm)2  A 


,  -12 

.04? 

10 

10*10-5 

1.49 

Not  only  is  the  range  in  values  large,  but  the  largest 
derived  value  exceeds  the  theoretical  limit  of  unity  for 
the  fraction  of  their  energy  that  the  incoming  air  particles 
may  transfer  to  the  meteor*  Furthermore,  if  we  transfer  all 
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energy,  we  transfer  all  momentum  and  our  assumed  value  of 
H  must  be  unity  as  well.  This  more  than  doubles  the  value 
of  A  in  the  extreme  case  and  intensifies  the  discrepancy. 

It  might  be  suggested  that  the  answer  to  the  problem 
lies  in  the  mode  of  ablation  and  indeed  it  probably  does. 

Models  of  ablation,  other  than  direct  vaporisation  from  the 
meteoroid,  have  been  considered  in  order  to  explain  the 
range  and  discrepancy  in  the  observed  values  of  O’ ,  R.  N, 
Thomas  (1952)  first  showed  that,  on  the  basis  of  the 
classical  heat  transfer  equation  as  applied  to  Iron  meteors, 
the  heat  conductivity  toward  the  center  would  proceed  too 
rapidly  to  allow  the  surface  temperature  to  reach  a  value 
great  enough  to  produce  any  appreciable  amount  of  vaporisation. 
He  then  considered  the  possibility  that  vaporization  or  melting 
and  the  shedding  of  droplets  from  a  reaction  zone  at  the 
surface  was  responsible  for  the  loss  of  energy  from  the 
surface  rather  than  the  conduction  of  heat  inward*  He 
concluded  that  If  droplets  were  dispersed  from  the  surface, 
they  would  be  small  and  the  energy  needed  for  this  type  of 
ablation  would  approach  that  required  for  vaporization, 

Thomas  felt  that  only  fragmentation,  which  can  be  nearly 
an  energy*free  process,  could  account  for  the  scatter  of 
the  o'*  values* 

Although  it  is  true  that  the  meteoroid  can  lose  material 
at  the  expenditure  of  less  energy  by  melting  or  fragmentation, 
nevertheless  the  observations  require  that  the  material  be  in 
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the  form  of  atomic  particles  at  the  time  the  luminosity  is 
produced;  i*e*,  If  droplets  do  form,  additional  energy  must 
still  be  supplied  to  vaporise  the  liquid,  for  we  can  observe 
only  that  mass  which  eventually  reaches  the  vapor  phase* 

The  effect  of  the  increased  surface  area  due  to  the  droplets 
or  fragments  will,  however,  affect  the  vaporization  rate* 
Following  Jacehla's  (19^9)  demonstration  that  meteor 
flares  involved  a  loss  of  mass  from  the  meteoroid,  Henry  J« 
Smith  (195$)  analyzed  several  bright  meteors  that  displayed 
bright  flares#  He  concluded  that  meteor  flares  were  caused 
by  the  sudden  fragmentation  of  a  large  number  of  small 
particles,  of  the  order  of  10*^  grams  each# 

Jaochia  (1955)  then  made  the  significant  contribution 
of  the  concept  of  the  continuous  fra@rjentation  of  meteors* 

Hi 8  approach  to  the  problems  was  primarily  the  empirical  one 
needed  to  find  some  correction  to  the  atmospheric  densities 
derived  from  meteor  decelerations# 

Jacchla ' g  early  results,  with  bright  meteors,  agreed 
statistically  with  the  values  of  atmospheric  density  obtained 
from  rocket  flights#  For  any  one  meteor  which  gave 
decelerations  at  more  than  one  point,  the  density  gradient 
found  from  the  meteor  data  also  agreed  with  the  rocket  data 
gradient*  However,  later  results  obtained  from  faint  meteors 
photographed  with  the  Supers Schmidt  camera®  showed  distinctly 
anomalous  decelerations*  Although  the  decelerations  near  the 
beginning  points  of  these  meteors  often  gave  a  reasonable 
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value  of  the  density,  the  meteors  displayed  too  rapid  a 
rate  of  deceleration,  yielding  density  gradients  that 
could  not  be  reconciled  with  either  the  previous  meteor 
or  rocket  results.  We  cannot  Improve  upon  Jacchia's 
own  description  of  the  solution  of  this  discrepancy: 

"Fragments  can  be  detached  from  the  surface 
of  larger  meteor  bodies  without  destroying  their 
unity;  but  if  fragments  of  similar  also  are 
detached  from  small  bodies,  this  may  mean  their 
complete  disruption  into  cluster  of  fragments* 

Larger  meteors,  then,  will  disintegrate  only 
toward  the  end  of  their  trajectories,  while  among 
fainter  meteors  the  breakup  may  occur  at  earlier 
stages#  even  at  the  very  beginning  of  the  visible 
trail.  What  we  obtain  by  integrating  the  bright¬ 
ness  of  a  faint  meteor  is  not  the  mass  of  a  single 
body  but  a  function  of  the  total  mass  of  all  the 
fragments*  Hie  observed  meteor  deceleration,  on 
the  other  hand,  is  the  average  deceleration  of  the 
brighter  fragments  and  therefore  larger  than  the 
deceleration  of  a  single,  unl’ragmented  body." 

In  this  brief  review  of  some  recent  work,  we  have 

touched  on  two  aspects  of  the  meteor  problem  which  we  intend 

to  amplify  in  this  thesis.  Whipple's  discussion  of  the 

densities  makes  the  assumption  of  fragile  meteor®  reasonable, 

while  the  conclusions  of  Thomas  and  Jacchia  on  fragmentation 

almost  necessitates  the  assumption.  Our  aim  will  be,  in 

effect,  to  strengthen  the  concept  of  the  fragile  cometary 

meteoroid  and  to  initiate  a  quantitative  study  of  meteor 

fragmentation. 
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D *  A  Send«»c%ualltatlve  Approach  to  the  Relationship  Between 
Praiffnentation  and  the  Parameter  cr . 

Let  us  consider  two  special  cases  of  meteoroids  with 
a  large  surface**  to*mass  ratio.  First,  suppose  the 
'‘meteoroid5*  to  consist  of  a  large  number  of  small  particles 
of  the  same  size;  each  one  Internets  Independently  with  the 
atmosphere  but  in  the  entire  swarm  the  particles  are 
sufficiently  cloa©  together  t©  allow  our  cameras  to  record 
them  as  a  moving  point  source  of  light*  Vfe  may  think  of  this 
swarm  as  originating  from  a  single  body  that  has  either 
fractured  or  melted  and  broken  into  droplets  in  the  fashion 
of  an  over-sised  rain  drop.  The  mechanism  is  unimportant ; 
the  end  result  1  g  an  unlikely  array  which  we  wish  to  use 
to  describe  one  extreme  of  subdivision.  The  question  we 
wish  to  answer  ia :  What  value  of  &  would  such  a  meteor  yield? 
The  observed  decoloration  would  be  that  for  an  individual 
particle,  since  each  particle  reacts  independently  with 
the  atmosphere*  Let  us  set 


R  *  Xf\  »  NRl, 

(15} 

m  ~  Im^  = 

(16) 

where  \  and  m-j,  are  the  effective  area  and  mass  of  the 
individual  particle  and  N  is  their  total  number*  The 
observed  deceleration  will  be: 


V  » 


(IT) 


p<vv2 


The  amount  of  mass  lost  will  be  N  times  that  lost  by  a 
single  particle#  or; 

SLAjl  «  A  ■  -  (13) 

Dividing  (IS)  by  (17)  we  obtain 


A  A 
N^vt  “2?? 


=  <r. 


(19) 


But  Mn*  =  m  is  just  the  value  which  we  would  obtain  by- 
integrating  the  intensity  (equation  10)  and  would  use  in 
computing  o~ »  We  are  left  with  the  result ; 


(20) 


which  represents  no  change  from  the  case  of  a  single  body. 
From  the  observed  value  of  <5,  we  could  not  detect  the 
character  of  the  meteor  model  proposed  here.  It  should 
be  clear,  though,  that  such  an  object  would  be  over* luminous 
of  short  duration  and  would  possess  too  great  a  deceleration 
Ab  our  second  model,  we  assume  the  meteoroid  to  be 
essentially  a  source  of  particles  only*  In  this  instance 
we  maintain  a  high  area-to-mass  ratio  by  a  continuous 
fragmentation  of  particles  but  vie  do  not  greatly  affect  the 
deceleration.  In  the  extreme  case,  the  deceleration  is  a 
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function  of  the  main  meteoroid  body  and  the  rasas  loss  is  a 
function  of  a  large  number  of  smaller  particles  .  The  main 
body  still  suffers  collisions  with  the  air  molecules  «  and 
is  decelerated  by  them  «■  but  its  surface  area  is  too  small, 
in  comparison  to  the  combined  area  of  the  particles,  to 
produce  an  appreciable-  amount  of  vaporized  material.  The 
small  particles,  on.  the  other  hand,  produce  most  of  their 
light  shortly  after  leaving  the  meteoroid,  but  they  are 
continually  replaced  by  new  fragments*  Denoting  by  and 
Kip  the  total  effective  ares  and  the  mass  of  the  fragmented 
particles,  and  by  and  the  area  and  mms  of  the  meteor 
body  which  is  the  source  of  these  particles,  we  may  write 
for  the  general  eases 


Ap  (21) 

c  *  2^^b/°v5*  (22!) 

where  A.  represents  the  mass  lost  by  the  meteoroid  by  direct 

*gq*mTiiTi7Wi»wT[iHi 

vaporization.  Then,  the  total  mass  per  second  introduced 
into  the  atmosphere  in  the  form  of  vaporized  material  is; 


«p  +  »  & 


The  observed  deceleration  will  be: 


r/v»2 


(23) 


(25) 


■=  18  «= 

Dividing  (23)  by  (24),  we  obtain 


£T 


» 

n 


obs 


A 

^  U 


(l  + 


Sej. 

v 


Consequently,  when  we  compute  the  quantity  on  the  3aft 

side  of  equation  (25),  we  do  not  obtain  a  number  which  is 

solely  a  function  of  those  physical  constants  that  describe 

the  behavior  of  meteors  in  the  atmosphere.  Instead,  we 

determine  acme  number  which  will  be  larger  (unless  A  -  0) 

A 

than  o  ~  • 

We  must  mention  also  another  complicating  factor  which 
will  alter  equation  (25).  Wo  must  question  our  observed 
value  of  njjj.  There  will  always  be  a  certain  number  of 
fragments  which  have  left  the  major  body  but  have  not  yet 
vaporized.  These  particles  will  not  be  observed  as  "mass  lost" 
until  some  later  instant  when  the  vaporization  has  occurred. 
Consequently,  we  will  always  be  overestimating  the  mass, 
of  the  parent  body  by  the  amount  of  mass  contained  in 
them  fragments «  Similarly,  we  will  be  overestimating  the 
area#  of  the  parent  body*  The  deceleration,  is  a 
directly  measured  quantity  and  is  related  to  the  actual  mass 
of  the  parent  body,  not  to  the  mass  we  derive  by  integrating 
the  ligfct  curve.  Therefore,  we  have,  in  effect,  divided 
apples  by  bananas  in  equation  (24).  The  same  is  true  for 
the  factor  in  equations  (22)  and  (23).  Here  we  should  ha\© 
used  a  smaller  area  to  determine  the  mass  loss  by  direct 
vaporization  from  the  parent  body.  To  adjust  these 
quantities  to  their  correct  values,  let  us  set* 
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k  ra^  =  whore  k<l,  (26) 

and 

tip.  Ab  =  where  k^<l,  (27) 


and  where  the  primes  indicate  the  correct  values*  If  m 
assume  that  the  parent  body  has  the  same  shape  (see  aquation  2) 
before  and  after  it  has  fragmented  the  particles,  we  can 
write 

o/is 

kfl  -  (k)  (28) 

and  equation  (27)  becomes : 

(k)2/3/lb  (29) 

We  may  now  rewrite  equation  (25)  in  its  proper  fora  as  s 


O'  {!  + 


F\. 


(k)2/3A/ 

or,  multiplying  equation  (30)  by  k, 


=  <r 


ob3p 


(30) 


^be  =  & 

For  a  numerical  example,  we  may  rewrite  this  equation  for  the 
special  case  where:  (1)  all  fragments  and  the  parent  body 
are  spherical  and  have  the  same  density;  and  (2)  all  fragments 
are  of  the  same  mass,  mi*  Then  the  total  rasas  of  the  particle s 

is: 
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r%  (1  •  k)  -Z.rni  ~  N 


(32) 


whore  N  Is  the  number  of  such  particles* 

The  radius  of  each  particle  will  be: 

1  V4^^/  N  / 

The  effective  area  of  all  particles  is  then  : 

/^(l  -  k)  \a/3 

A  ~  Ht  — j  » 
p  n  / 


(33) 


(3^) 


Similarly,  the  effective  area  of  the  parent  body  is? 

«;  •  -fe^r 


(35) 


Substituting  these  results  in  equation  (31),  we  find  that 


(36) 


2“ob.  *cr  1  +  (Nk )*"  (1  -  kr 


To  obtain  an  idea  of  the  degree  of  fmgaentation  needed 
to  ©atplain  some  of  the  observed  discrepancies  of  cT  we  have 
computed  some  combinations  of  k  and  N  which  give  a  value  of 


=  10*  Table  2  gives  these  results  (computation#  made 
for  0.1  gram  meteor). 


i 
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Table  2 


Values  of  k  and 

N  Necessary 

to  Give  =  10 

nr 

for  0.1 

gram  meteor 

(See  Text) 

k 

N 

(grams) 

0.90 

8.1 

104 

1.2 

10"^ 

0.75 

1.6 

10* 

1.6 

10*G 

0.50 

5.8 

105 

8,6 

xo~5 

0,25 

5.2 

I03 

1.4 

10“3 

0.10 

9.0 

10* 

1.0 

10“5 

Wo  should  point  out  that  this  approach  is  not  limited 
to  the  case  discussed  above.  Koe  reader  will  see  that  it 
may  be  easily  generalized  for  any  distribution  of  particle 
sizes.  There  may  b©,  for  example,  a  number  of  parent  bodies 
each  of  which  is  fragmenting*  In  this  case,  the  deceleration 
would  apply  to  the  largest  of  these.  Also,  the  solution 
may  be  generalized  to  Include  shape©  other  than  spherical 
or  to  include  separate  densities  for  the  fm^nants  and  the 
parent  bodies.  But  as  we  shall  see  in  Chapter  IV,  such 
refinements  can  be  of  academic  interest  only  *«•  the 
observations  will  not  be  sufficiently  good  to  determine 
so  many  separate  variables. 


CHAPTER  II 

NEW  DATA  AND  THE  METHOD  OP  APmQXZMATE  REDUCTIONS 


A.  The  Super»»SchEnidt  Meteor  Cameras 

The  data  for  this  thesis  are  derived  almost  entirely 
from  doublet-station  photographs  obtained  with  the  four 
Baker  Super^Sehmidt  meteor  cameras  operated  by  the  Harvard 
Meteor  Project  at  Soledad  Canyon  and  Doras  Ana  Stations  to 
Hew  Me: seioo  and  supported  by  contracts  with  the  U.  S«  Naval 
Bureau  of  Ordnance,  the  Office  of  Naval  Research  and  the 
U*  Air  Force*  These  instruments  and  their  ausc L'iisry 
equipment  are  described  in  some  detail  elsewhere  ( Whipple p 
1951  },  (Carrol,  McCrosky*  Wells  and  Whipple,  1951}*  A. 
schematic!  diagram  of  the  optical  system  (Figure  1)  md  m 
enumeration  here  of  some  pertinent  quantities  will  be 
sufficient  to  explain  the  reduction  technique® 

Table  3 

Fhysle&l  and  Optical  Properties  of  the 
Baker  Super-Schmidt  FSefceor  Cameras 


Aperture 

Effective  Focal  Length 
Effective  Focal  Ratio 


12*25  indies 
7*9^  inches 
0.82 


Field 


55* 


Focal  Surface  spherical  section  of  radius  7.9  inches 

chordal  diameter  7 A  inches 

1800  r.p.m. 


Shutter  Speed 


THE  SUPER-SCHMIDT  METEOR  CAMERA 


The  rotating  shutter  lies  about  one-quarter  of  an  inch 
outside  of  the  focal  surface*  It  is  a  spherical  section 
concentric  with  the  focal  surface.  The  size  and  location 
of  the  shutter  openings  are  shown  in  Figure  2. 

The  image  quality  is  uniform  over  the  field.  Coma 
is  detectable  in  brighter  images  but  at  least  50  percent 
of  the  intensity  of  a  point  source  falls  on  a  circle  of 
15  diameter*  There  is  essentially  no  distortion  of  the 
spherical  projection  of  the  sky* 

All  photographs  of  meteor  trails  have  been  obtained  on 
E&etman-Kodak  X-Ray  film.  The  film  is  molded,  under  heat 
and  pressure,  to  the  shape  of  the  focal  surface  (Carrol  efc  al. 
1951  )c  Although  the  film  has  not  been  shown  to  receive  a 
permanent  set  to  the  spherical  section,  measures  of  one-year 
old  film  show  little  or  no  deviation  from  the  original 
curvature.  The  general  characteristics  of  the  X-Ray  film 
are  similar  to  those  of  the  Eastman  1-0  Spectroscopic 
emulsion.  That  is,  it  is  a  fast,  blue  sensitive  emulsion 
with  considerable  graininese.  Its  high  reciprocity  failure 
is  ideal  for  meteor  photography,  since  it  minimizes  the 
density  due  to  star  and  night  sky  light.  Sky  fog  becomes 
serious  with  an  effective  exposure  of  more  than  three 
minutes*  Since  the  rotating  shutter  excludes  three-quarter© 
of  the  light,  exposures  of  12  minutes  duration  are  feasible 
with  this  emulsion. 
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The  exceptional  effectiveness  of  the  camera  and 
emulsion  are  best  described  in  terms  of  actual  performance » 
Meteors  are  photographed  at  a  rate  of  about  one  per  IS 
minutes  of  exposure.  The  visual  magnitude  of  the  faintest 
meteor  images  la  of  the  same  order  as  the  limiting  magnitude 
seen  by  the  naked  eye. 

B.  Meteor  Heists 

When  the  approximate  reduction  program  was  first 
considered,  the  criteria  for  a  * satisfactory*  method  were 
rather  vague.  However,  from  the  experience  gained  in  the 
accurate  reduction  program,  one  could  be  certain  that  data 
with  errors  os  small  as  1  percent  in  velocities  and  heights 
could  not  be  obtained  with  a  reasonable  expenditure  of  time. 

At  the  other  extreme ,  one  could  question  the  value  of 
statistics  derived  from  data  with  mean  errors  of  about  10  to 
15  percent.  With  these  limitations  on  the  accuracy,  a  search 
for  a  sufficiently  rapid  method  was  made.  To  anticipate 
the  general  result  of  this  attempt,  we  may  state  that  the 
method  to  be  described  yields  mean  errors  of  about  5  percent. 
Thirty  minutes  is  required  to  complete  the  reduction  of 
a  meteor  pair.  The  method  can  be  best  explained  if  we  first 
derive  the  necessary  equations,  next  discuss  separately  the 
methods  of  measurements,  and  finally,  return  to  the  equations 
and  estimate  the  magnitude  of  errors  due  to  various  simplifying 
assumptions  and  to  errors  of  measurement. 
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The  geometry  of  the  problem  can  be  seen  in  Figure  5, 
where  RAB  is  the  distance  between  stations;  is  the 
distance  from  Station  A  to  some  point  on  the  meteor  path, 
is  the  di ata ,iae  from  Station  B  to  the  same  point  in 
space*  This  point,  on  either  meteor  trail,  will  be  referred 
to  as  a  copgntm  point  (C)«  The  orientation  in  space  of  the 
triangle  (A,  B,  (i)  is  described  by  the  declination  (8) 
and  the  hour  an£.e  (t)  coordinates.  (See  Figure  3)*  %q, 

bab  and  (ire  constants  of  the  stations.  Cue  hour  angle 
and  declination  represent  the  direction  of  the  Dona  Ana 
Station  as  seen  from  the  Soledad  Station*  'The  stations  were 
surveyed  by  the  \hite  Sands  Proving  Grounds  0  Their  results 
and  the  station  constants  are  given  in  Table  4* 

Table  4 

Constants  for  New  Fax leo  Stations 


Soledad  Canyon 

Dona  Ana 

Altitude  (.a  } 

1*57 

1*41 

Latitude 

32° 

18’ 

06” 

32° 

30 !  22" 

Longitude 

106° 

36* 

38  u 

106° 

47'  58 v 

rab 

28*80 

km 

*AB 

+124° 

.7 

8ab 

+  41° 

*5 

From  the  spherical  triangle,  (Pole,  P^,  P^),  we  solve 
for  the  angle  between  the  direction  to  the  meteor  and  the 
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direction  of  the  line  Joining  tho  stations: 

cos  -  sin  8A  sin  B^jj  +  cos  8^  cos  cosCt^g-t^)*  (37) 

The  subscript  i  refers  to  either  Station  A  or  Station  B.  With 
ik  and  rB  determined,  tho  values  of  the  ranges,  RA  and  Rs  are 
found  from: 

Ri  c  rAB 

The  height  of  the  common  point  above  ground,  assuming  a  flat 
earth,  is  then: 

hA  *  %  cos  Z{ ,  (3.3) 

where  Z  is  the  zenith  distance  of  the  common  point  and  cos  Z 
is  given  by  the  equation! 

cos  *  sin  0  sin  B^  -f  cos  0  cos  8^  cos  t^®  (40) 

We  have  used  for  the  latitude,  0,  tho  average  value  of  the 
two  stations. 

Clearly  the  same  point  in  space  can  be  described  by  only 
one  height,  and  thus  hA  s  hB,  This  ocmp&rison  gives  the  first 
check  on  the  computations  # 

The  height  above  sea  level,  H,  is  f ound  by  assuming 
h  to  be  measured  from  an  elevation  etsual  to  the  mean 
elevation  of  the  two  stations.  In  kilometers: 


sin  Y 


si n(rB*?X) 


#  1  t  J» 


(33) 


H  -  h  +  Ah 
**  h  +  1.5® 


(41) 
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Solutions  for  aquation*  (37)  arxJ  (38)  were  prepared  in 
graphic  form  in  order  to  eliminate  the  tedious  and  time* 
consuming  task  of  directly  fonalng  such  solutions  many 
thousands  of  times* 

Since  both  Y  and  cos  Z  are  functions  of  0^  and  t^#  a 
solution  for  cos  2  was  also  prepared  and  superimposed  on  the 
chart  for  K .  these  charts  will  not  be  reproduced  here* 

They  are  applicable  only  to  the  data  acquired  at  the  Soledad 
Canyon  and  Dona  Ana  Stations*  and  therefore  are  not  of  great 
interest*  Table  5  summarizes  the  information  obtained  from 
thee#  graphs  and  from  another  to  be  discussed  later* 

Table  5 


Description  of  Qraphs  Utilised  in 

the  Approximate  Reductions 

Graph 

Enter  with 

Read 

Accuracy 

la 

•10 0  £  a*  90° 

-50°  £  t±  50° 

0°.l 

Jb 

Same 

COS  Z 

0*01 

IX 

6°°  ^  >£  135° 

»°  ±  £  6  135° 

R1 

1  km 

XXX 

*2 

1  km 

XV 

.50  4  A  ^  1*00 

0°  £  B  £  20° 

sin  r 

•001 

AB 


STATION  B 


STATION  A 


FIGURE  3 

RELATIONSHIP  OF  GEOMETRICAL  QUANTITIES 
USED  TO  DETERMINE  METEOR  HEIGHTS 


FIGURE  4 

RELATIONSHIP  OF  GEOMETRICAL  QUANTITIES 
USED  TO  DETERMINE  METEOR  VELOCITIES 
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C.  Velocities  and  Radiants 

The  meteor  trail  Is  Interrupted  every  1/60  aec  by  one 
of  the  occulting  sections  of  the  rotating  shutter*  These 
breaks  In  the  trail  allow  one  to  measure  the  apparent  angular 
velocity  of  the  meteor  at  sane  point  along  its  trajectory • 

This  measure  is  referred  to  as  the  apparent  angular  velocity 
since  only  the  component  normal  to  the  line  of  sight  is 
measured.  In  general,  such  measures  are  made  on  both 
photographs  of  the  meteor  at  the  position  of  the  common 
points. 

Figure  4  shows  the  relationship!}  between  the  apparent 
angular  velocity,  &}  ;  the  angular  velocity,^/;  and  the  radiant. 
Fran  this  diagram  we  see  that: 


O) 

=  31HT7  ’ 


(42) 


where  r^  is  the  angular  distance  from  the  radiant  to  the 
common  point.  The  space  velocity,  v>  is  then  given  by  the 
equation 


v 


1  sin  r^  1 


where  %  is  the  range  found  in  the  solution  for  heights. 

As  in  the  case  of  the  heights,  the  voloclties  obtained  from 
the  two  photographs  should  agree. 

For  computing  purposes,  equation  (4jj)  is  written  as: 
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V1  -^(w82)*  .  w 

where  the  quantity  ^gS£gSS^ is  the  distance  between  dashes 
on  the  film  in  units  of  1/24“,  the  units  of  the  measuring 
engine  we  employed. 


For  equation  (44)  to  be  applicable,  we  must  have 
determined  the  position  of  the  radiant*  When  the  two 
meteor  trails  intersect  at  a  small  angle,  Q,  it  is  difficult 
to  find  an  accurate  radiant  point •  Xn  such  cases  another 
approach  to  determine  the  velocity  is  desirable.  From 
equation  (43)  we  have* 


"a 


R. 


B  sin  r. 


(45) 


or 


•in  rk  a).  R. 

~  ~--g  =  A,  by  definition. 
*ln  rB  B  ~ 


(46) 


If  the  apparent  angular  velocity  is  measurable  on  both  trails 
of  a  meteor  pair,  A  may  be  computed.  This  gives  one  relation¬ 
ship  between  rA  and  rfi.  For  meteors  with  a  small  Q,  it  is 
possible  to  measure  rA  •  rB  (or  rA  +  rfi)  with  good  accuracy* 
That  this  is  true  can  be  most  easily  seen  by  considering 
the  extreme  case  of  a  meteor  pair  intersecting  at  Q  =»  0* 

(or  Q  *=  l8o°);  i.e.,  both  trails  lie  on  the  same  great 
circle*  Then  the  distance  between  the  two  common  points 
will  be  exactly: 
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PA  *  rB  c  B  ^  rA  4  *B  “  ^  definition*  (47) 

The  simultaneous  equations  (46)  and  (47)  may  be  solved  for 
sin  rA  and  sin  rg*  This  solution  uas  prepared  In  graphic 
form  (see  Table  5*  Graph  XV).  With  these  values  of  r*.  v 
le  found  from  (44)*  we  have  called  velocities  determined  In 
such  a  fashion  '’Indirect  velocities'1  as  distinct  from  the 
velocities  obtained  from  meteors  where  a  direct  measure  of 
the  radiant  is  possible  (direct  velocities).  Xt  will  be 
noted  from  equation  (45)  that  we  have  forced  the  Indirect 
velocities  determined  from  each  trail  to  agree.  This 
comparison  offers  a  check  on  the  computations. 

The  position  of  the  radiant  may  be  obtained  by  finding 
the  Intersection  of  two  small  circles  of  radii  of  rA  and 
with  centers  at  PA  and  PB.  respectively.  In  general  such 
circles  will  Intersect  twloe.  but  a  quick  inspection  of 
the  trails  Is  sufficient  to  distinguish  the  spurious  radiant 
point. 

D.  The  Reduction  Procedure 

In  this  section  we  shall  carry  through  the  complete 
reduction  of  an  Imaginary  meteor  pair.  Our  purpose  Is  not 
primarily  one  of  Instruction  in  technique,  but  to  present. 

In  logical  sequence,  the  various  difficulties  and 
approximations  that  are  present  so  that  the  reader  may  acquits 
a  realisation  of  the  limitations  of  the  method. 
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A  separate  computing  form  Is  used  for  each  meteor* 

Table  6  Is  such  a  fora*  Certain  data  necessary  for  each 
meteor  are  copied  from  the  card  catalogue  maintained  for 
all  Harvard  Meteors*  These  include: 

a)  meteor  serial  number  for  each  trail* 

b)  camera  designation  (SS,  ST,  SK,  SL)  and 
plate  number  for  each  film* 

c)  region  of  the  plate  center,  given  by  5  and  a* 

d)  astronomical  date  of  the  exposure* 

e)  time  of  meteor  occurrence,  to  *01  minute  if 
the  meteor  was  observed  visually;  or  the 
mean  time  of  the  exposure  if  no  visual 
observation  was  available. 

The  local  sidereal  time,  in  degrees,  of  the  nearest 
midnight  (L90)  la  obtained  for  the  date*  To  this  is  added 
a  correction  to  obtain  the  local  sidereal  time  (L9±)  of  the 
meteor  instant* 

The  preceding  section  makes  it  clear  that  the  entire 
method  depends  heavily  on  our  ability  to  locate  on  each  film 
a  point  on  the  meteor  trails  that  represents  the  same  point 
in  space,  the  common  point*  If  the  meteor  shows  a  burst  or 
some  other  discontinuity  in  the  light  curve,  a  common  point 
is  obvious.  However,  the  faint  meteors,  with  which  we  are 
primarily  concerned  here,  usually  have  smooth  light  curves* 
Zn  these  cases  a  more  subtle  technique  is  necessary*  The 
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number  of  dashes  visible  on  each  trail  is  counted  and,  if  it 
is  the  same,  we  assume  that  dashes  with  the  sane  ordinal 
number  are  common  points. 

Such  an  assumption  fails  in  three  minor  respects. 
Firstly,  the  shutters  are  not  synchronized,  i.e,,  we  do  not 
know  the  orientation  of  one  shutter  with  respect  to  the  other 
at  any  given  instant*  Consequently  the  common  point  can  be 
in  error  by  as  much  as  half  the  distance  between  dashes. 
Secondly,  the  focal  plane  shutter  interrupts  the  same 
position  of  the  film  at  constant  time  Intervals.  Tpie  rate 
at  which  the  meteor  is  Interrupted  depends  on  its  direction 
of  motion  and  its  apparent  velocity  on  the  film.  In  the 
extreme  case  of  a  meteor  trail  passing  through  the  film 
center,  an  error  of  one  dash  can  be  made.  But  since  the  two 
trails  or  a  meteor  pair  are  usually  similar  in  their 
direction  of  travel  on  the  film,  and  since  their  apparent 
velocltios  on  the  film  are  small  compared  to  the  shutter 
velocity,  the  error  will  generally  be  only  a  small  fraction 
of  a  dash.  Thirdly,  in  assuming  that  breaks  with  the  same 
ordinal  number  are  conxoon  points,  we  assume  that  both  cameras 
have  photographed  the  meteor  to  the  same  limiting  absolute 
magnitude  or,  alternatively,  that  the  differential 
distance  correction  from  the  beginning  to  the  end  of  the 
meteor  is  small  or  ths  same  for  both  trails.  Since  most  of 
our  trails  are  short,  the  differential  distance  correction 
1s  small. 
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Wo  can  conclude  that  the  common  points  chosen  on  trails 
showing  the  same  number  of  breaks  will  be  accurate  to  within 
one  dash*  However,  the  two  cameras  often  do  not  record  the 
same  number  of  breaks  for  the  following  reasons: 

a)  The  sensitivities  of  the  cameras  are  not 
equal*  With  increasing  experience  in 
figuring  the  correcting  plate,  the 
manufacturer  has  been  able  to  improve 
the  quality  of  each  succeeding  camera* 

The  effect  Is  most  noticeable  when 
comparing  trails  obtained  on  the  first 
(SS)  and  second  (ST)  Super- Schmidts • 

b)  The  apparent  magnitude  of  the  meteor  as  seen 
from  the  two  stations  may  differ  by  several 
tenths  of  a  magnitude  because  of  distance 
corrections*  Effects  (a)  and  (b)  often 
compensate  one  another  in  part  since  the 
earlier  camera,  at  Soledad  Station,  is 
directed  more  nearly  toward  the  zenith 

than  is  the  mate  camera  at  the  Dona  Ana 
Station* 

c)  Hie  effective  exposure  time  per  dash  is 
proportional  to  Thus,  the  trail  nearer 
the  radiant  is  photographed  as  a  brighter 
image  and  the  plate  limit  is  reached  at  a 
fainter  absolute  magnitude* 
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Effects  (a)  and  (b)  combined  are  usually  minor  compared 
to  effect  (c)»  By  notins  the  general  shape  of  the  meteor 
light  curve  of  the  brighter  trail,  one  can  obtain  an 
acceptable  common  point  by  estimating  the  number  of  dashes 
that  failed  to  be  recorded  at  the  beginning  and  at  the  end 
of  the  fainter  meteor  trail.  In  only  a  very  few  eases  did 
the  combination  of  the  factors  of  effective  sensitivity 
of  the  camera,  and  the  apparent  velocity  of  the  meteor, 
differ  so  much  that  no  acceptable  common  point  could  be 
found.  For  each  common  point,  we  record  under  "Quality" 
(Table  6),  an  estimate  of  the  number  of  dashes  by  which 
the  common  point  nay  be  in  error.  This  never  exceeds  3  for 
an  acceptable  meteor  and  rarely  exceeds  2. 

To  marie  the  common  points,  a  small  piece  of  Scotch 
Tape  is  placed  on  the  reverse  side  of  the  film  at  the 
location  of  the  trail.  Ink  dots  placed  on  this  tape  Indicate 
the  common  point.  For  longer  meteors  (20  dashes  or  m© re), 
two  common  points,  (n^  and  ng  in  Table  6)  are  chosen  in 
order  to  make  a  check  on  the  entire  reduction.  The  common 
point  is  recorded  as  the  ordinal  number  of  the  dash,  the 
dash  nearest  the  radiant  being  called  "1".  The  duration 
of  the  meteor  is  measured  in  terms  of  the  total  number  of 
visible  dashes,  N.  The  beginning  of  the  trail  is  specified 
by  noting,  under  "Direction",  the  octant,  as  seen  from  the 
meteor,  in  which  the  radiant  lies. 
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To  measure  the  celestial  coordinates  of  the  common 
points  and  radiant#  we  utilize  a  transparent  Plexiglass 
hemisphere  of  8- Inch  radius#  calibrated  in  hour  angle  and 
declination.  The  scale  of  these  calibrations  and  the  radius 
of  the  globe  correspond  to  the  scale  and  radius  of  the 
Super- Schmidt  films.  To  read  the  coordinates  of  the  common 
point#  we  need  only  to  position  the  film  properly  on  the 
globe.  We  accomplish  this  by  choosing  three  or  four 
bright  stars  which  appear  on  one  of  the  films#  determining 
the  declination  and  hour  angle  of  these  stars  at  the  time  of 
the  meteor#  and  plotting  these  star  positions  on  the  globe. 
The  film  is  then  placed  on  the  globe  so  that  the  star  images 
and  their  plotted  positions  coincide.  Since  the  regions 
of  the  two  mate  films  overlap  in  an  area  of  approximately 
one-quarter  of  the  film,  we  can  position  the  second  film 
by  superimposing  stars  in  this  region.  The  hour  angle  and 
declination  of  the  common  points  are  then  read  from  the 
globe  scales. 

We  determine  the  radiant  and  radiant  distances#  r.  and 
r_#  with  the  aid  of  a  pair  of  curved  rulers  of  8-inch 

O 

radius  and  90°  length#  attached  to  one  another  by  a  hinge. 
They  are  calibrated  in  degrees#  the  pivot  point  of  the  hinge 
being  zero  degrees.  When  each  rule  lies  parallel  to  one  of  th 
meteor  trails#  the  zero  point  represents  the  radiant.  The 
radiant  distances  are  read  from  the  rules  and  the  coordinates 
of  the  radiant  point  are  read  from  the  hemisphere.  The 
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cosine  of  the  zenith  distance  of  the  radiant  (cos  ZR)  is 
determined  from  Nomogram  Zb* 

The  quantity  Q  is  the  angle  of  intersection  of  the  two 
trails*  An  estimate  of  this  quantity *  accurate  to  about 
10  percent*  is  made  when  the  radiant  is  found*  The  value 
of  this  angle  is  not  used  in  the  reductions  but  it  serves 
as  a  measure  of  quality  of  the  directly  determined  radiant* 

The  apparent  angular  velocity*  or  distance  per  break* 
is  measured  on  the  Harvard  Coast  and  Geodetic  measuring 
machine*  This  has  been  equipped  with  a  section  of  an 
8-inch  radius  Plexiglass  sphere  for  the  support  of  the  film* 
The  spherical  section  is  large  enough  to  permit  all 
measurements  to  be  made  with  the  optical  axis  perpendicular 
to  the  image  when  the  trail  occurs  at  the  edge  of  the  film. 
This  reduces  the  focussing  problem  and  also  allows  us  to 
neglect  any  correction  for  the  projection  effect  which  would 
be  necessary  if  the  curved  film  rested  on  the  flat  carriage 
of  the  measuring  engine* 

The  number  of  breaks  measured  depends  on  the  apparent 
angular  velocity  of  the  trail*  In  general*  we  attempt  to 
measure  a  distance  of  from  1  to  3  mm*  which  may  represent 
2  to  8  breaks*  The  measurements  are  usually  made  from  the 
end  of  one  dash  to  the  end  of  another;  that  is*  an  integral 
number  of  dashes  is  measured .  Corrections*  by  eye*  are 
made  for  the  photographic  spreading  of  the  image  if  the 
two  terminal  dashes  of  the  measured  trail  section  do  not 
appear  to  be  of  about  the  same  intensity*  The  dashes  to  be 
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measured  are  chosen  in  such  a  way  that  the  common  point  lies 
in  the  center  of  the  measured  section. 

The  trails  are  Inspected  for  any  wake,  terminal  blending 
or  marked  abnormalities  in  the  distribution  of  light  over 
the  trail*  The  position  and  apparent  magnitude  of  the 
brightest  dash  may  be  measured.  The  method  of  meteor 
photometry  has  been  described  by  Jacchia  (19-49) .  The 
photometry  has  been  completed  on  only  a  limited  number  of 
the  meteors  dealt  with  here. 

This  completes  the  measurements  made  on  a  meteor 
pair.  We  then  determine,  from  the  equations  given  earlier, 
cos  Z^,  R^,  hi#  H,  A  and  vi#  in  that  order. 

To  complete  this  outline  of  the  method,  we  will  add 
a  description  of  an  earlier  approach  to  the  problem  of 
finding  common  points.  The  argument,  due  to  Olivier  (1925), 
proceeds  as  follows  ?  Consider  the  plane  defined  by  the  two 
stations  and  a  point  on  the  meteor*  The  lines  RA,  Rg  and 
Ryyj  lie  in  this  plane  which  intersects  the  celestial  sphere 
on  a  great  circle.  Then  the  position  of  the  meteor  point  as 
seen  from  each  station  must  lie  on  a  great  circle  which 
also  includes  the  celestial  position  of  one  station  as 
seen  from  the  other.  Conversely,  if  the  two  meteors  are 
located  properly  on  the  globe,  we  can  draw  a  great  circle 
through  the  point  defining  the  direction  between  the 
stations.  Then,  by  the  argument  above,  the  intersections  of 
this  great  circle  with  the  meteor  trails  must  represent 
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(  )  common  points.  This  technique  was  tried  and  discarded 

as  being  too  insensitive  for  most  cases.  In  practice,  we 

l 

employed  a  movable  great  circle  which  was  attached  to  the 
measuring  globe  and  pivoted  at  the  points  (&._,,  t.)  and 

AxJ  Pui 

(~5AB'  feAB  •l80°)o  When  the  meteor  trails  formed  a  moderately 
small  angle  with  this  olrcle,  the  common  points  could  be 
varied  by  several  dashes  with  only  a  slight  shift  of  the 
films.  If  the  time  of  the  meteor  occurrence  is  lacking, 
the  precise  position  of  the  film  on  the  celestial  sphere  is 
unknown. 

E.  Single-Station  Shower  Meteors  and  the  Approximate  Method 
v  The  program  of  meteor  astronomy  at  the  Harvard  College 

Observatory,  includes  the  investigation  of  the  origin  and 
histories  of  the  shower  meteors  by  study  of  the  distribution 
of  the  radiants  over  the  period  of  the  shower  (see,  for 
example,  Wright,  Jacchla  and  Whipple,  in  press).  Single- 
station  meteors  are  used  in  a  least-squares  solution  to 
determine  the  radiant,  if  they  appear  to  belong  to  the 
shower;  that  is,  if  an  extension  of  the  trail  passes  through 
(or  near)  the  assumed  radiant  point  for  the  time  of  the 
meteor,  and  if  visual  inspection  determines  that  the 
apparent  angular  velocity  of  the  meteor  is  reasonable  for 
the  shower  velocity  and  the  radiant  distance.  A  small  amount 
of  work  with  the  globe  used  in  the  approximate  method  removes 
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the  guesswork  from  this  visual  determination*  By  assuming 
that  the  meteor  belongs  to  the  shower,  we  can  estimate  a 
height  that  corresponds  to  that  of  meteors  of  the  shower 
velocity.  The  apparent  angular  velocity  (^),  cos  and 
the  distance  from  the  assumed  radiant  (^ },  are  measured  for 
some  point  on  the  trail.  From  equations  (39)  and  (43), 
we  have { 


cos  Z^  sin 


(48) 


If  the  meteor  belongs  to  the  shower,  the  measured  values 
should  yield  the  shower  velocity.  We  may  be  deceived 
occasionally  by  meteors  whose  true  radiants  and  velocities 
are  not  those  of  the  shower  but  combine,  by  chance,  in 
such  a  way  that 


(v  sin  r . )  .  *  (v  Bln  r« )  .  • 

1'  shower  '  1  non-shower 

Such  cases  must  be  far  more  rare  than  the  10  percent  of 

single-station  meteors  which  we  have  been  able  to  eliminate 

from  those  meteors  thought  to  belong  to  the  shower. 

It  Is  probably  obvious  that  the  usual  approximate 

method  may  also  bo  used  to  eliminate  those  double-station 

meteors  that  have  the  proper  radiant  but  a  non-shower  velocity. 


F.  Height  Errors 

The  problem  of  errors  in  our  data  reduction  Includes 
two  major  questions,  neither  of  which  has  yet  been  finally 
answered.  First,  the  velocities  and  radiants  determined  by 
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the  direct  and  Indirect  methods  are#  in  general#  at  variance 
with  one  another*  We  need  some  quantitative  criteria  for 
making  a  choice  between  the  two  results*  Second,  we  desire 
a  more  exact  knowledge  of  the  mean  errors  as  a  function  of 
the  various  parameters  of  the  solution*  That  neither  of 
these  desiderata  have  been  found  does  not  affect  the  results 
of  this  thesis  to  any  reasonable  extent*  All  the  problems 
treated  here  are  of  such  a  nature  that  we  need  not  be 
concerned  with  whether  the  errors  are  3  percent  or  twice 
that  amount*  However#  we  will  wish  to  know  that  the  errors 
are  not,  say,  15  percent*  Our  brief  study  of  errors  will 
show  they  are  not* 

The  final  answers  to  these  questions  will  be  found  only 
after  the  completion  of  the  reduction  project.  Eventually 
we  intend  to  acquire  approximate  data  on  2000  meteors, 
including  about  300  faint  meteors  that  have  been  reduced  by 
a  more  accurate  method.  An  intercoraparison  of  results 
should  supply  the  information  we  want.  Comparison  can  now 
be  made  with  several  hundred  brighter  meteors  already  reduced 
by  Jacchia*  However,  the  accuracy  we  would  obtain  in 
determining  the  radiant  of  these  long  meteors  will  seldom 
be  approached  for  fainter  meteors*  On  the  other  hand, 
consaon  points  are  often  more  difficult  to  obtain  on  long 
meteors*  All  in  all,  we  do  not  consider  bright  meteors  to  be 
comparable  to  faint  ones  with  regard  to  our  system  of 
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me aa wing.  A  comparison  of  velocities  obtained  by  accurate 
methods  and  by  the  present  method  has  been  made  for  some  25 
bright  meteors.  Our  average  error  in  velocity  was  about  3 
percent. 

With  respect  to  the  order-of-rnagnitude  estimate  we  can 
study  the  results  of  measuring  errors  of  probable  amounts  and 
we  may  compare  our  results  for  shower  meteors  with  their 
known  values. 

Let  us  begin  with  the  errors  in  height  introduced 
by  our  assumption  that  the  earth  is  a  plane  surface.  The 
correction  for  this  was  ignored  as  being  small  compared  with 
the  intrinsic  errors  of  measurement.  This  is  true  if  the 
meteors  are  in  the  vicinity  of  the  zenith,  as  they  were  in 
all  the  early  New  Mexico  photographs  treated  here.  It  is 
easily  shown  that 

R2-h ' 2 

Ah  a  h*h'  =  (49) 

where  h  is  the  computed  height  above  the  station  level,  h'  is 
the  true  height  above  the  station  level,  R  is  the  range  from 
meteor  to  station,  and  D  is  earth's  diameter.  With  the 
assumption  that 


we  obtain 


Ah  2h, 


Ah  * 


R2-h2 
D  +2h 


(30) 

(51) 


( 


42 


Employing  equation  (59),  wo  may  write 

ah  i  (52) 

D  +  2h 

For  meteors  of  100  km  altitude,  the  correction  factor  reaches 
0.5  kilometers  at  a  zenith  distance  of  57° *7.  Essentially 
none  of  the  meteors  In  this  work  exceed  this  value.  The 
average  zenith  distance  is  of  the  order  of  20° • 

If  the  consaon  point  Is  Improperly  chosen  or 
measured ,  or  if  the  two  films  are  not  correctly  positioned 
on  the  globe,  the  two  range  lines,  as  defined  by  (5A,  tA)  and 
(&q,  tg)  will  either  not  Intersect  in  space  or  will  not 
Intersect  on  a  point  on  the  meteor  trail.  Whether  the 
Intersection  occurs  for  any  given  set  of  measures  or  not, 
our  computations  still  lead  to  a  complete  description  of 
some  triangle  which  represents,  to  some  degree  of  approximation, 
the  true  triangle  defined  by  the  two  stations  and  a  point  on 
the  meteor.  We  are  Interested  in  knowing  how  good  an 
approximation  our  measures  probably  give.  To  investigate 
this.  It  will  be  most  convenient  to  study.  In  the  original 
equations,  the  changes  brought  about  by  independent  changes 
In  the  assumed  position  of  the  common  point  along  the  t  and 
0  axes.  Differentials  of  equations  (57),  and  (40),  (58)  and 
(59)  yield j 


o 
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=  COS  2  / ^r-J  *  1  ^ 


4  /»- 


(56d) 


The  subscripts  on  the  differentials  refer  to  those 
variables  held  constant  during  the  differentiation.  The 
differential  angles  are  all  expressed  in  degrees  of  arc, 
having  been  converted  from  radian  and  from  degrees  of 
hour  angle  when  necessary*  The  parameter 

At*  »  At  cos  S*  (57) 


We  will  discuss  the  errors  involved  in  one  particular 
case*  Computations  for  other  cases  show  that  the  total 
errors  will  bo  similar  in  other  parts  of  the  sky  where 
meteors  have  been  photographed*  As  our  example,  we  will 
use  a  meteor  with  the  common  point  coordinates  given  it 
Table  7*  The  remaining  values  in  the  table  were  confuted 
from  the  equations  previously  given.  The  accuracy,  of 
course,  exceeds  that  which  may  be  obtained  from  reading 
the  nomograms  and  also  exceeds  the  amount  commensurate 
with  the  ultimate  accuracy  of  the  measures  (0°*l)« 

It  is  a  bit  difficult  to  estimate  a  reasonable  amount 
for  the  errors  in  the  common  point,  positioning,  or 
measuring  which  combine  to  give  the  total  errors,  A&  and  At* 


Table  7 

Differential  Errors  Produced  by  an  Error  in  the  Common  Points 


5 

t 


Station  A 
+27.6 
+13.5 


r 

R  (Ion) 

cos  Z 

h  (km) 


86.2 

86*31 

.976 

84.2 

85.8 


km 

degree 

n 

degree 

degree 

n 

km 

degree 

tv 


ft 


+4.43 

-4.83 

-0.714 

-0.433 

-3*16 

+3*73 

-2.94 


Station  B 
+13.9 
-0.4 

105.0 

89.16 

.946 

84.5 

85.9 

-4.57 

+4.68 

-0.773 

-1.000 

+3*53 

-3.34 

+3.84 
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Table 


7  (continued) 


degree 
5^  degree 

<1 

h 

km 

6^^  degree 


Station  A 
-0.700 

40.904 

-5.10 

43.06 

-3.12 

42.99 


Station  B 
-0.634 

-0.019 

42.90 

-3.28 

42.72 

-3.11 
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The  error  Involved  in  reading  the  globe  scale  should  not 
exceed  0°*2.  For  fast  meteors  with  a  high  apparent  angular 
velocity  and  with  a  common  point  of  only  moderate  quality, 
say  2,  the  common-point  error  would  be  about  1°  •  We  believe 
this  to  be  considerably  greater,  perhaps  by  a  factor  of  2, 
than  the  common-point  error  for  the  average  meteor* 

Positioning  errors  can  occur  in  two  ways*  First,  the  two 
films  may  not  be  properly  superimposed.  Because  the  globe 
is  not  perfectly  spherical  and  because  its  mean  radius  is  not 
exactly  that  of  the  films,  we  can  not  always  superimpose 
the  entire  star  field  common  to  both  films.  The  attempt 
is  always  made  to  carry  out  the  superposition  in  the 
vicinity  of  the  meteors  and  an  error  of  about  0° .5  would  probably 
be  large*  The  second  positioning  error,  resulting  from  an 
unknown  time  of  the  meteor  occurrence,  is  a  special  case  and 
will  be  treated  separately* 

From  the  preceding  extreme  figures,  we  may  estimate 
that  the  average  error,  in  t^  or  5^,  will  almost  certainly 
not  exceed  1°.  It  is  unfortunate  that  this  figure  cannot 
be  verified  by  more  rigorous  methods  than  those  used. 

However,  another  check  on  our  errors,  to  follow  later,  will 
supply  additional  Information  tending  to  confirm  this 
as  being  an  extreme  value* 

Let  us  assume  that  the  common  point  at  Station  B  has 
been  properly  located,  positioned  and  measured,  and  that, 
for  any  of  the  aforementioned  reasons,  a  1° .0  error  exists 
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t 
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in  the  measures  of  the  coranon  point  at  Station  A*  Ihe 
percentage  errors  for  this  case*  computed  from  the  quantities 
in  Table  7#  are  given  in  Table  8# 

Table  3 

Errors  Resulting  from  a  1°.0  Error  in  the  Common  Point 


Percentage  Error  in* 

A6a  *  1°*0 

AtA  58  1° 

ra 

3.7£ 

3.6{5 

*B 

3.7 

3.7 

hA 

3.5 

3.7 

h» 

3.8 

3.7 

The  similarity  of  values  within  either  column  should 
be  expected*  The  similarity  between  corresponding  values 
of  the  two  columns  is  the  result  of  chance  and  indicates 
that  the  maximum  error  for  the  meteor  will  occur  for 
departures  in  a  direction  roughly  half  way  between  the 
directions  of  the  6  and  the  t  axes* 

When  the  instant  of  the  meteor  is  unknown,  we  choose 
the  time  of  the  middle  of  the  exposure  for  reduction 
purposes*  Thus,  with  12-qplnute  exposures  our  maximum  error 
is  At  »  6  mins  =  1°*5*  However,  in  this  case  the  cannon 
points  do  not  suffer  a  shift  relative  to  one  another  and 
the  resulting  errors  in  the  ranges  will  be  the  algebraic 
sums  of  the  errors  caused  by  the  displacement  of  both  common 

{  ) 
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points*  Since  these  are  of  opposite  sign  and  of  about  the 
sane  magnitude  (see  Table  7)#  the  final  errors  will  be  small* 
Table  9  shows  the  percentage  errors  resulting  from  a  1°*5 
shift  in  t  of  both  films* 

Table  9 

Errors  Resulting  from  a  Displacement  of  At  »  1°»5  of  Both  Films 

Quantity  Rx  Rg  h^ 

Error  (km)  +0*54  »0*14  40*20  ~0*17 

Percentage  Error  0*4  0*2  0*2  0.2 

We  can  see  that  the  timing  error  will  be  negligible  even  in 
those  cases  where  the  maximum  possible  error  results  from  a 
displacement  along  the  t-axis* 

0*  Velocity  Errors 

ErrorB  in  velocity  may  result  from  errors  Jn  any  of 
the  measures .  Errors  in  the  apparent  angular  velocity#  ^# 
are  probably  small  compared  to  any  other  type  and  we  will 
neglect  these*  Fran  differentials  of  equation  (4j)  we 
see  that  the  percentage  errors  due  to  range  and  radiant 
errors  are#  respectively: 

,  and  (58a) 


»  cotrdr 


(58b) 
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Thus  the  error  In  velocity  cannot  be  less  than  the  ranee 

\  i 

error,  which  we  found  to  bo  about  4  percent  with  the 
assumption  of  a  common  point  error  of  1°,0.  Tfce  function  Ar 
is  itself  a  function  of  r  as  one  can  understand  by  visualising 
the  extreme  cases  when  the  meteor  appears  at  the  radiant 
(r  =0°,  Ar  »  0°),  and  when  the  meteor  appears  at  a  great 
distance  from  the  radiant  (say,  r  =  90°,  Ar  =  ?  ^  0C)* 

We  might  estimate  this  unknown  Ar  to  be  of  the  order  of 
3°  or  10°  in  the  worst  cases*  We  may  say  that  certainly 

Ar  varies  less  rapidly  than  tan  r«  This  leads  to  the 

I 

apparently  contradictory  result  that,  in  general,  meteors 
must  have  a  badly  determined  radiant  to  allow  us  to  produce 
\  an  accurate  velocity*  However,  another  independent  error  in 

r,  that  imposed  by  our  scale  reading  accuracy,  0%2,  weighs 
more  heavily  against  meteors  of  small  r*  These  two  errors  raqy 
combine  in  such  a  way  that  meteors  at  some  Intermediate  r 
give  the  best  velocities* 

We  have  no  method  of  determining  a  satisfactory 

I 

relationship  between  r  and  Ar  and  we  must  therefore  approach 
,  this  problem  from  another  side*  Among  the  meteors  reduced, 

there  are  36  Orionid  and  43  Oemlnld  shower  meteors  for 
which  we  know  velocities.  These  groups  will  determine 
our  velocities  errors*  Furthermore,  since  most  meteors 
in  these  showers  were  reduced  by  both  the  direct  and 
indirect  methods,  we  can  find  some  estimate  of  a  criterion 
for  choosing  botween  the  results  of  the  two  methods. 
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In  general,  the  direct  velocities  derived  from  the  two 
films  of  a  given  meteor  do  not  agree  with  one  another  to 
within  several  percent.  However,  in  some  examples,  the 
radiant  distance  of  one  common  point  greatly  exceeds  that  of 
the  mate  plate  and  in  these  instances,  the  velocity  derived 
from  the  more  distant  trail  was  used  or  weighted  more 
heavily  in  the  average.  Average  velocities# mean  errors  and 
percentage  errors  were  found  for  both  sets  of  shower  meteors 
for  the  following  cases: 

(a)  Direct  velocity  used  for  all  meteors. 

(b)  Indirect  velocity  used  for  all  meteors. 

(c)  Indirect  velocities  used  when  |b|  >  10° .0, 
direct  when  |Bl  <  10°. 0. 

(d)  Same  as  (c),  with  division  made  at  |Bl  -  9°*0. 

(e)  Same  as  (c),  with  division  made  at  |B\  *  8°.0. 
Table  10  gives  the  average  values,  mean  deviations  and 
percentage  errors  for  each  of  these  velocity  criteria  and 
for  both  groups  of  shower  meteors.  The  letters  refer  to 
the  outline  above. 


Table  10 

Mean  Values  and  Errors  of  Showor  Meteor  Velocities 
(for  description,  see  text) 


Number  of  Hudber  of 
Meteors  Indirect  deteral 
nations  used 


*  *(&£)<$$)  *  emr 


Oeninide 


Orionida 


33*7  1.4a 
35.7  1.74 
36.3  0.92 
36.1  1.05 
36.0  1.13 


68.3  3*01 

67.2  2.52 

60.2  2.59 

67.7  2.17 


4.9 
2.5 

2.9 
3.X 


4.4* 

3.8 

3.8 

3.2 

3.0 


(o)  36  26  67.6  2.05  3*0 

we  should  qualify  these  data  bofore  discussii«  the 
results.  First,  the  On&nlds  were  somewhat  brighter  meteors 
than  nonaal  and,  hence,  easier  to  measure.  Furthermore,  the 
radiant  of  this  shower  is  not  far  distant  from  o  Oonlnii,  a 
star  that  appears  on  most  of  the  Oaralnld  meteor  photographs. 
Since  these  meteors  were  reduced  specifically  to  check  for 
errors,  it  was  necessary  for  the  measurer  to  "forget*  the 
position  of  the  radiant  for  each  measure,  a  difficult  task 
with  a  radiant  so  dearly  masked.  Still,  we  believe  this 
mi  aoconsliahed. 

Zn  the  eaae  of  Orionida,  the  situation  la  quite  different. 
The  radiant  waa  not  present  on  the  region  being  photographed 
and,  mors  Important,  ws  did  not  realise  we  were  reducing 


53 


t 

( 


shower  meteors  until  after  the  measures  had  been  completed* 
Also*  these  meteors  did  not  produce  such  bright  trails  as  the 
Oeminids.  Perhaps,  then,  the  Orlonlds  should  be  regarded  as 
giving  the  best  test,  although,  as  can  be  seen  In  Table  10, 
the  errors  for  both  showers  are  comparable. 

In  regard  to  the  Indirectly  determined  velocities, 
our  measured  quantities  are  A  and  B  as  defined  by  equations 
(46)  and  (47)*  It  may  easily  be  shown  that  if  the  radiant 


is  properly  chosen  and  there  are  no  measuring  errors,  then 


ArA  =  drB  = 


{AA  +  AB)  sin2  r+ 


sin  B 


(59) 


where  r^,  is  the  angle  from  the  radiant  to  the  common  point 
of  the  trail  most  distant  from  the  radiant*  A  poorly 
determined  common  point  has  little  effect  on  A,  since  this 
quantity  ia  determined  from  a  ratio  of  the  ranges,  Rj/R  ^  *  We 
have  already  seen  that  a  reasonable  error  in  the  common  point 
results  in  comparable  changes,  of  the  same  sign,  in  the 
two  ranges*  We  may  writes 


Differentiating  this  equation,  we  obtain 

*B  MA  *  RA 


(60) 

(61) 
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Thus,  the  errors  in  the  range  tend  to  compensate  one  another 
In  the  determination  of  A.  However,  since  we  must  still 
apply  the  velocity  equation  (43)  in  its  original  form  after 
determining  r^,  any  error  in  range  will  affect  the  velocity 
in  the  usual  fashion. 

One  can  see  that  an  error  in  the  cannon  point  will 
directly  effect  B  which  is  essentially  the  distance  between 
common  points.  It  is  also  clear  from  the  factor  in 

equation  (59)  that  the  indirect  method  will  be  more  powerful 
when  | Bj  is  sufficiently  large.  From  the  shower  meteors 
we  can  obtain  an  idea  of  how  large. 

Table  10  indicates  that  the  deviation  from  the  mean 
velocities  of  the  showers  1s  of  the  order  of  3  to  4  percent, 
but  we  have  yet  to  show  that  these  mean  velocities  actually 
correspond  to  those  expected  for  these  showers.  Our  velocities 
are  those  at  some  point  in  the  atmosphere,  uncorrected  for 
deceleration  and  therefore  somewhat  lower  than  the  usually 
quoted  velocity  outside  the  atmosphere.  In  general,  we 
choose  common  points  as  near  the  beginning  of  the  trail  as 
possible  to  minimize  the  deceleration  correction.  From 
Orlonld  and  Geminid  meteors  reduced  by  Jacchia,  we  have 
obtained  the  velocities  at  the  beginning  point  of  the  meteor. 
(vQ).  These  results,  as  well  as  Jacchia' s  values  for  the 
no-atmosphere  velocity  (v^)  are  given  in  Table  11.  They  are 
compared  with  the  average  velocity  we  obtained  for  the  method 
which  yielded  the  smallest  C  in  Table  IQ 
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Table  11 

Average  Velocities  of  Shower  Meteors  Obtained 
by  Accurate  Reductions 
(By  Jacehia) 


No.  Meteors 

%o 

vo 

VREM 

Oeminids 

17 

56*6 

36.3 

36.3 

Orlonlds 

7 

67.5 

67*4 

67.6 

The  agreement  is  excellent  and  ctere  is  no  evidence  for  a 
systematic  error  with  velocity*  We  may  conclude  that  our 
velocity  errors ,  for  these  cases,  are  about  3  percent,  and 
that  the  optimum  minimum  value  of  |B|  for  the  indirect 
reductions  is  about  8°  to  10°  *  It  seems  unlikely  that 
measures  on  somewhat  shorter  and  fainter  non-shower  meteors 
would  yield  errors  that  exceed  5  percent*  When  this  result 
is  compared  with  the  errors  expected  for  ranges  and  heights, 
we  see  that  we  must  have  over-estimated  the  probable  error  in 
the  common  point,  for  as  was  pointed  out  earlier,  the 
velocity  error  cannot  be  less  than  the  range  error,  which 
was  of  the  order  of  4  percent  on  the  assumption  of  a  1°*0 
error  in  common  point* 

There  still  remains  the  possibility  that  in  selecting 
the  shower  meteors,  we  passed  over  some  oases  which  were 
so  badly  determined  that  they  were  unrecognizable  as  members 
of  the  shower*  A  study  of  the  frequency  diagram  of  the 
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velocities  of  the  individual  meteors  makes  such  a  hypothesis 
unlikely  if*  on  the  basis  of  such  a  diagram,  one  is  willing 
to  grant  that  the  scatter  may  be  represented  to  a  fair  degree 
of  approximation  by  the  usual  error  curve*  We  have  reproduced 
in  Figure  5  the  frequency  diagram  for  the  directly  determined 
velocities  of  our  Oeminid  meteors* 

Figure  5 

VELOCITY  DISTRIBUTION  OF  OEMINID  SHOWER  METEORS, 
APPROXIMATE  REDUCTIONS 
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H»  Some  Specific  Results  of  tho  Approximate  Reduction  Method 
In  selecting  meteors  for  approximate  reductions,  we 
inspected  every  meteor  film,  in  chronological  order,  to 
determine  whether  it  was  possible  to  make  a  reduction*  We 
discarded  as  few  meteors  as  possible,  and  would  have  preferred 
to  exclude  no  meteors,  so  that  the  over-all  statistics  would 
be  unassailable*  However,  some  individual  cases  clearly 
would  have  yielded  results  of  very  poor  quality*  About 
15  percent  of  the  meteors  were  in  this  category,  and  rejected 
for  one  of  the  following  reasons i 

(a)  The  meteor  was  too  faint  or  too  short  for 
the  radiant  to  be  determined* 

(b)  The  difference  in  image  quality  (focus  or 
fog)  of  the  mate  films  was  such  that  no 
satisfactory  common  point  could  be  found* 

A  further  fifteen  percent  of  the  meteors  were  also 
discarded  because  their  geometry  or  positions  made  reductions 
impossible  or  difficult*  These  included: 

(c)  Meteors  so  close  to  the  radiant  on  both 
films  that  the  photographic  spreading  of 
the  image  obscured  the  breaks* 

(d)  Meteors  that  appeared  on  the  film  only  in 
part  and,  as  a  consequence,  could  not  yield 
a  satisfactory  common  point*  Not  all  such 
partial  meteors  wore  exoluded,  however,  since 
in  many  cases  a  good  estimate  of  a  cannon 
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point  could  be  made* 

In  addition,  another  fifteen  percent  of  the  meteors 
photographed  were  not  available  for  reduction  at  the  time  of 
this  study*  They  inoludet 

(e)  Meteors  being  reduced  In  the  accurate  reduction 
program*  These,  in  general,  are  brighter  than 
those  wo  have  treated.  Their  exclusion  is 
responsible  for  the  homogeneity,  with  respect 
to  brightness,  of  our  meteors* 

(f)  Other  meteors  occurring  on  the  films  included 
In  (e).  These,  we  suppose,  are  a  random 
selection  In  all  respects* 

Of  the  remaining  55  percent  which  we  reduced,  we 
later  discarded  from  the  statistics  a  very  email  fraction 
of  a  percent,  because  largo  discrepancies  In  the  final 
results  Indicated  that  a  solution  was  too  difficult* 

At  present  (November,  1955),  data  are  available  for 
about  1600  meteors,  photographed  from  the  beginning  of  the 
double-station  Super- Schmidt  program,  February,  1952, 
through  February,  195^.  Present  plans  cadi  for  a  total 
of  at  least  2000  meteors  photographed  over  a  period  of  at 
least  two  years. 

The  data  we  wish  to  present  here  do  not  Include  all 
that  are  available.  The  results  quoted  in  the  remainder  of 
this  thesis  are  based  on  all  the  reductions  that  had  been 


completed  at  the  time  the  particular  analysis  Mas  made*  This 
will  explain  the  varying  number  of  meteors  we  include  In 
attacking  the  several  aspects  of  this  study* 

To  begin  with*  we  shall  mention  briefly  the  distribution 
of  meteor  velocities*  Although  we  wish  to  divorce  this 
aspect  of  the  data  from  the  general  subject  of  the  thesis 
and  to  treat  it  separately  in  a  later  paper*  we  shall  need 
to  refer  to  the  distribution  when  discussing  fragmentation 
phenomena*  Table  12  summarises  the  data  on  the  first 
1069  meteors  to  be  reduced*  Included  are  meteors  occurring 
between  February  1952  and  June  1953*  For  comparison  we 
have  also  listed  the  early  information*  compiled  by  Whipple 
(195^)*  obtained  from  the  small  camera  meteors.  His 
velocities  are  those  at  the  top  of  the  atmosphere,  and 
ours  at  the  measured  common  point  nearest  the  beginning  of 
the  trail.  The  slight  correction  for  deceleration  necessary 
to  make  the  two  groups  strictly  comparable  is  very  small 
compared  to  the  10  km/sec  sub-groups  we  have  chosen*  We 
have  also  listed  the  distribution  of  all  meteors*  expecting 
the  Perseid*  Orionld*  and  Oeralnld  showers*  which  add  an 
appreciable  number  to  either  the  present  or  to  Whipple's 
total*  Whipple  lists  a  toted  of  only  51  sporadic  meteors 
and  consequently  the  elimination  of  all  shower  meteors  leaves 
few  for  comparison* 


I 
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\  i  Table  12 

Velocity  Distribution  of  1069  Super-Schmidt  Meteors 
Compared  with  the  Distribution  of  144  Small  Camera  Meteors 


(See  Text  for  Classifications) 


v  km/sec 

Percent  of  Total 

for  Cases  1 

10-15 

14.8  % 

3-5^ 

it*5* 

3-9^ 

15-20 

16.5 

17.8 

6,2 

3,1 

15.7 

10-20 

30.2 

32.6 

9.7 

12.6 

19.6 

20-30 

30-40 

40-50 

22.7 

21.0 

6*5 

24.6 

18.2 

7.1 

24,3 

30.6 

6.9 

31.5 

22.5 

9.0 

27.5 

15.7 

3-9 

50-60 

9,3 

5.2 

5.6 

5.4 

9.8 

>  60 

14.8 

12.3 

22.9 

18*9 

23.5 

The  five  categories  of  meteors  listed  In  the  table  Include 
the  following 1 

(a)  1069  Super- Schmidts,  representing  all  those 
occurring  between  February,  1952,  and  June, 
1953*  and  reduced  by  approximate  means. 

(b)  983  meteors  remaining  from  (a)  after  the 
exclusion  of  all  meteors  In  three  major 
showers  (43  Oemlnlds,  36  Orlonlds,  0  Ferselds). 

(c)  144  small  camera  meteors  by  Whipple  (1954). 

(d)  ill  meteors  remaining  from  (e)  after  the 
exclusion  of  all  meteors  In  three  major 
showers  (19  Oemlnlds,  2  Orlonlds,  12  Perselds). 

(e)  Those  meteors  (51)  in  (c)  that  are  sporadic. 

(  ) 
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Regardless  of  which  categories  of  meteors  we  compare, 
we  see  that  the  older  data  rather  badly  underestimated  (or 
we  have  overestimated)  the  number  of  meteors  in  the  lowest 
velocity  group*  It  may  be  that  the  explanation  lies  In 
the  choice  of  meteors  accepted  for  accurate  reduction*  Metecrs 
of  low  apparent  velocity  may  have  the  shutter  breaks  greatly 
obscured  by  photographic  diffusion  of  the  dash  Image,  so 
that  the  meteors  are  difficult  or  impossible  to  measure « 

Such  cases  would  be  selectively  rejected,  leaving  a 
preponderance  of  faster  meteors. 

Statistics  concerning  phenomena  apparently  caused  by 
fragmentation  of  the  meteor  are  available  for  585  cases, 
all  the  meteors  occurring  between  February  and  December,  1952, 
For  each  of  these  meteors  we  have  recorded  the  presence  and 
position  of  wake  and  terminally  blended  dashes,  Tho  wake. 

In  the  best  examples,  is  seen  as  a  trail  of  steadily 
decreasing  luminosity  extending  from  &  dash  towards  the 
direction  of  the  radiant.  When  the  wake  Is  strong,  the  Image 
due  to  both  dash  and  wake  may  assume  a  tear-drop  shape.  In 
more  usual  cases  one  can  only  notice  that  the  dash  lacks 
symmetry  In  the  direction  of  the  meteor's  motion.  For 
faint  photographic  meteors,  one  cannot  be  more  explicit  in 
describing  the  appearance  of  wake. 

Terminal  blending,  in  the  strict  sense,  is  a  term 
that  should  be  reservod  to  describe  those  dashes  that  do  not 
necessarily  show  an  asymmetry  but  are  longer  than  the 
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expected  one-fourth  of  a  shutter  cycle*  Often  the  final 
linages  will  be  very  faint  but  will  clearly  be  more  diffuse 
than  some  earlier  Images*  We  cannot  always  decide  whether 
such  an  Image  should  be  designated  as  wake  or  as  terminal 
blending*  We  generally  classified  such  cases  as  blending. 
Although  this  represents  a  consistent  approach,  the  result 
has  probably  been  to  overweight  the  occurrence  of  blending 
by  an  appreciable  amount*  Good  examples  of  wake  are 
certainly  more  common  than  good  examples  of  terminal  blending 
and  perhaps  ono  should  expect  the  same  to  be  true  for  the  poorer 
examples*  By  expressing  some  doubt  concerning  the  number  of 
meteors  displaying  each  of  these  characteristics,  we  do  not 
wish  to  imply  a  question  as  to  whether  any  of  these  meteors 
displayed  one  of  the  fragmentation  phenomena. 

In  1954  we  made  a  preliminary  study  of  the  correlation 
of  the  visible  effects  of  fragmentation  and  velocity,  on 
the  basis  of  some  30  faint  meteors*  The  analysis  of  the  383 
meteors  confirms  the  conclusion  that  the  existence  of  wake 
and  of  terminal  blending  are  both  a  function  of  velocity* 

Table  13  lists  the  results* 


Table  13 

Percentage  of  Meteors  in  Various  Velocity  Groups  that 
Display  Some  Visible  Effects  of  Fragnentation 


v  (km/ sec)  Wake  Terminal 

Blending 


Wake  and  Terminal  Wako  and/or 

Blending  Terminal  Blending 


10*15 

15-20 

10-20 

20-30 

30-40 

40-50 

50-60 

>60 

ALL 


ft* 

79* 

53 

23* 

25 

89* 

69 

37 

63 

24 

77 

39 

29 

30 

32 

11 

16 

a 

25 

§ 

3 

31 

10 

3 

15 

12 

3 

1 

14 

28* 

30* 

12* 

45* 

For  the  reasons  given  above ,  the  final  column  of  Table  13 
should  be  considered  to  be  the  best  set  of  data;  it  gives  the 
percentage  of  meteors  In  the  given  velocity  groups  that  show 
wake  or  terminal  blending,  or  both* 

These  figures  agree  In  a  general  way  with  those  obtained 


by  Jacchia  (1934)  for  a  group  of  13?  bright  Super- Schmidt 


meteors*  He  found  wake  In  46  percent  of  the  cases,  terminal 
blending  in  34  percent,  both  In  16  percent,  and  either  In 
61  percent*  Hie  higher  percentages  are  the  result  of  his 
greater  average  meteor  brightness*  Jacchia  notes  that  all 
meteors  of  maximum  apparent  brightness  of  more  than  four 
magnitudes  above  plate  limit  show  sene  wake*  The  indication 
is  that  all  meteors  release  sons  wake  particles  and  when  the 
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meteor  is  largo  onough,  the  total  intensity  of  all  the 
partieles  will  be  great  enough  to  register  on  the  emulsions* 
A  velocity  dependence  was  also  seen  in  these  meteors  in  the 
sense  that  the  wake  was  brigiter  among  the  low-velocity 
meteors  than  among  hlgwvelooity  meteors  of  the  some 
apparent  magnitude* 

A  considerable  discrepancy  exists  between  the  velocity 
dependences  of  terminal  blending  in  the  two  sets  of  data* 
Jaeohia  found  none#  but  ours  is  most  pronounced*  This  is 
probably  explained  in  part  by  our  oheioe  of  the  terminal 
blending  o&tegory  for  doubtful  oases*  Xn  addition*  a 
selection  factor,  to  be  discussed  in  Chsptor  ZZZ,  in 
Jaeohia' b  choice  of  meteors  seems  to  affect  hie  result* 

We  will,  from  time  to  time,  introduce  more  statistical 
data  derived  from  meteors  treated  by  the  approximate 
techniques* 


CHAPTER  III 

BEGINNING  POINTS  OP  METEORS 

A.  Meteors  Characterised  by  an  Abrupt  and  Early  Rise  to 
Maximum  Light 

Certain  faint  meteors  display  a  light  curve  that 
may  best  be  described  as  ''backwards'*.  In  the  most  extreme 
cases  the  meteor  appears  at  maximum  light#  rising  1.0  or  1*5 
magnitudes  above  plate  limit  within  the  period  of  time  between 
the  dashes  (l/SO  sec);  it  then  becomes  progressively  fainter. 
The  light  curve#  measured  in  magnitudes#  on  the  declining 
branch  is  almost  linear  in  time.  The  final  breaks  show 
terminal  blending.  By  reversing  the  time  scale#  one  can 
obtain  a  very  plausible  representation  of  the  light  curve 
of  a  normal  high-velocity  meteor. 

In  less  extreme  cases#  these  meteors  may  appear  at  an 
intensity  close  to  the  plate  limit  and  show  a  normal  Increase 
in  brightness  for  several  dashes  followed  by  a  more  or  less 
abrupt  rise  to  a  maximum  where  the  change  in  brightness 
nay  be  abrupt  or  smooth.  As  before#  terminal  blending 
is  likely  to  be  present  in  the  final  dashes. 

There  are  no  examples  of  this  form  of  light  curve 
among  any  of  the  several  hundred  larger  meteors  photographed 
on  small  cameras.  Abrupt  meteors  are  apparently  peculiar  to 
those  smaller  objects  that  can  be  photographed  only  with 
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Super* Schmidt  cameras* 

Of  all  the  meteors  photogWtad  in  the  first  year  of  the 
Super- Schmidt  double-station  pns»sraia  (February,  1952  to 
February,  1953)  and  reduced  by«w*ur  approximate  method, 

13  percent  of  the  meteors  coulftf  be  assigned  to  this  category* 
Although  the  observational  dati  o  clearly  demonstrate  the 
existence  of  a  class  of  abrupt  jenetecre,  some  examples  occur  that 
are  hard  to  classify  for  one  oj»  several  reasons.}  (a)  the  rise 
is  steeper  than  normal  but  not&Kabrupt,  (b)  the  Increase  in 
light  is  noticeable  but  not  gnttat*  (c )  the  light  curve  falls 
off  rapidly  at  some  point  after  1  tine  rise  in  such  a  way  that 
the  abnormality  might  be  descr.joed  as  simply  a  prolonged 
flare,  (d)  the  discontinuity  o!1  tt»  light  curve  occurs  so 
late  in  the  trail  that  only  a  praall  fraction  of  the  meteor 
departs  from  normality,  or  (e)dfcb®  meteor  shows  a  mixture  of 
the  above  effects*  We  have  reeled  entirely  on  our  subjective 
appraisal  of  each  case  in  deollAnc  whether  a  given  meteor 
should  be  Included  in  the  clasi  •  oi*  abrupt  meteors* 

The  Information  derived  futon.  the  approximate  reductions 
indicate  that  at  least  three  clWher  qualities  are  shared, 
statistically,  by  such  meteors  iFirst,  as  in  the  case  of 
wake,  abrupt  meteors  are  charstfcdfceristieally  a  low-velocity 
phenomenon;  nearly  a  third  of  |LXU  meteors  of  velocities 
less  than  20  kra/soc  fall  into  [hrihia  class  (Table  14)* 
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Table  14 

Velocity  Distribution  of  Abrupt  Meteors 


V  (—) 

'so  c' 

No*  reduced 

Fsb,,  1952- 
Feb*,  1953* 

No*  Abrupt 
Meteors 

5$  Abrupt 
Meteors 

10-15 

85 

27 

32 

15-20 

105 

31 

30 

20-30 

151 

22 

13 

30-40 

135 

11 

6 

40-30 

49 

3 

6 

50-60 

47 

1 

2 

>  60 

140 

3 

4 

Total 

762 

100 

13# 

Second, 

abrupt  meteors  are. 

in  general. 

short  in 

duration.  Since  the  meteors  in  this  study  represent  a 
rather  homogeneous  group  with  respect  to  their  maxinun 
magnitude,  we  would  expect  a  homogeneity  in  the  durations 
of  any  given  velocity  group  unless  some  distinction  in 
the  physical  processes  exists  between  different  types  of 
meteors*  Table  13  lists  the  median  and  mean  number  of 
dashes  observed  for  (a)  all  normal  meteors;  (b)  normal 
meteors  with  velocities  less  than  20  km/eec,  and  (c)  all 
abrupt  meteors* 
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Table  15 


Comparison  of  the  Durations  of  Normal  and  Abrupt  Meteors 


All  Normal 
Meteors 

Normal  Meteors, 
v<  20  km/acc 

All  Abrupt 
Meteors 

No*  of 

Meteors 

380 

89 

100 

No.  of  j 
Dashes 

'Median 

19 

23 

16 

kMean 

23.0 

28.8 

17.7 

The  mean  values  are  heavily  influenced  by  a  few  bright 
meteors,  none  of  which  show  an  abrupt  rise*  The  median 
values  of  the  low  velocity  meteors  probably  should  be 
used  as  the  standard  for  comparison,  since  over  two* thirds  of 
the  abrupt  meteors  have  velocities  in  this  range*  However, 
any  comparison  of  figures  in  Table  15  shows  a  significant 
decrease  in  the  duration  of  abrupt  meteors* 

Finally,  terminal  blending  was  detected  in  about 
two* thirds  of  the  abrupt  meteors  and  was  strongly 
concentrated  among  the  lower  velooity  objects*  Furthermore, 
if  we  describe  the  blending  qualitatively  in  terms  of  the 
number  of  dashes  for  which  terminal  wake  was  recorded,  the 
velocity  effect  is  even  more  pronounced*  (See  Table  16)* 
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Table  16 

Extent  of  Terminal  Blending  Among  Abrupt  Meteors 
aa  a  Function  of  Velocity 

v<20  km/sec  v  ^  20  km/soo 


Percent  of  abrupt  meteors 
with  terminal  blending 

3# 

34* 

Average  number  of  breaks 
with  terminal  blending  among 
abrupt  meteors 

5*6 

1.3 

The  preceding  table  end  short  duration  of  abrupt 
meteors  supply,  in  part,  an  explanation  for  the  discrepancy 
between  our  results  and  those  obtained  by  Jacchla  in  the 
case  of  the  velocity  dependence  of  terminally  blended 
meteors*  To  measure  decelerations,  meteors  of  great  length 
are  preferred*  The  very  short  abrupt  meteors  are  not 
suitable  and  they  have  probably  been  selectively  rejected 
for  purposes  of  accurate  reduction*  However,  these  meteors 
are  just  those  which  show  a  strong  velocity  dependence  in 
the  terminal  blending  characteristic* 

The  various  anomalies  of  these  meteors  have  in  the 
past,  Jacchla  (1954),  McCrosky  (1955),  been  very  logically 
explained  as  the  result  of  a  sudden  crumbling  of  the 
meteoroid  at  the  point  of  the  abrupt  rise*  The  resulting 
increase  in  the  effective  surface  area  causes  the  increased 
luminosity*  Differential  deceleration  of  fragments  of 
different  sixes  causes  the  mass  of  the  original  meteoroid 
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* 

to  spread  along  the  trail  and  obscure  the  shutter  breaks* 
The  duration  of  the  meteor  will  be  that  of  the  largest 
fragments  and  not  that  of  a  single  body  and  consequently 
the  meteor  will  hot  endure*  The  qualitative  data  of  this 
study  have  not  produced  a  result  at  variance  with  this 
description  of  the  phenomenon*  Moreover,  we  will  be  able 
to  make  the  crumbling-hypothesis  still  more  plausible  by 
a  quantitative  statistical  study* 

We  may  describe  these  abrupt  meteors  in  terms  of  a 
relatively  few  observational  parameters*  The  degree  of 
crumbling*  as  measured  by  the  increase  of  the  effective 
area*  is  proportional  to  the  luminosity  before  and  after 
the  discontinuity*  It  can  be  seen  that  in  a  general  way 
the  slope  of  the  rising  branch  of  the  light  curve  is 
related  to  the  rate  of  crumbling;  and  the  duration  and 
slope  of  the  declining  branch  is*  in  some  complex  fashion* 
dependent  on  the  distribution  of  particle  sizes  after 
crumbling*  The  brightness  and  degree  of  the  terminal 
blending  are  also  related  to  this  distribution*  The 
height  at  the  point  of  disruption*  the  velocity*  and 
the  angle  of  approach  into  the  atmosphere  complete  the 
list  of  the  important  quantities  that  may  be  obtained 
without  recourse  to  the  accurate  reduction  methods* 

Unfortunately*  one  of  the  most  interesting  pieces  of 
information  is  not  available  in  many  of  the  cases  studied* 
Very  often  the  meteor  shows  no  Image  before  the  steep  rise 
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and  we  can  only  fix  an  upper  limit  on  the  effective  area 
of  the  body  before  fra©aentation*  This  upper  limit  is 
set  by  the  limiting  magnitude  of  the  film,  which  is  itself 
a  function  of  the  length  of  the  dash  (a  long  and  faint 
dash  can  be  as  easily  detected  by  eye  as  a  shorter  but 
brighter  dash).  Since  the  dash  length  depends  on  velocity, 
we  will  introduce  an  extraneous  velocity  dependence  on  the 
Intensity  increase,  AX,  in  the  sense  that  the  larger  values 
of  AX  will  occur  for  higher  velocity  meteors*  Even  in 
those  cases  where  the  meteor  shows  several  faint  dashes 
before  the  burst,  the  value  of  AX  may  be  in  error  by  an 
amount  corresponding  to  0*3  or  0*4  magnitudes  because  of 
the  difficulty  of  estimating  the  brightness  of  low-intensity 
images* 

We  are  in  a  better  position  with  respect  to  height* 

The  common  point  is  extremely  well  determined  because  of 
the  discontinuity  in  the  light  curve*  Ihe  velocities,  too, 
should  be  of  good  quality  in  so  far  as  they  depend  on  the 
ranges*  Of  course,  these  meteors  are  short  and  the 
determination  of  the  radiant  distance,  r,  by  the  direct 
method  is  somewhat  less  reliable* 

If  the  assumption  of  rapid  crumbling  of  the  meteor 
is  valid,  we  might  expeot  the  disruption  to  occur 
because  of  an  internal  explosive  phenomenon  or  because  of 
crushing  caused  by  external  pressure  forces*  We  might 
also  include  the  possibility  that  gross  fracturing  oocurs 
as  a  result  of  a  temperature  differential  through  the 
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meteoroid.  we  believe  that  the  abrupt  meteors  supply  ub 
with  good  evidence  that  the  crumbling  occurs  when  the 
dynamic  pressure, /^v2,  on  the  body  surpasses  the  crushing 
strength  of  the  meteoric  material* 

Values  of  the  air  density,  taken  from  the  Rocket 
Panel  Atmosphere  (1952),  were  found  for  the  bursting 
heights  of  74  excellent  cases  of  abrupt  meteors* 

It  was  assumed  that  these  heights  could  be  related  to  the 
meteor  velocity  by  an  equation  of  the  fornu 


or 


/O'/1  *=  c 

(62) 

log^  +  n  log  v  ■  log  C* 

(63) 

A  least-squares  solution  was  applied  to  find  the  constants* 
These  values  are  compared,  in  Table  17*  with  the  results 
of  similar  least-squares  solutions  for  the  densities  at 
the  beginning  heights  of  normal  meteors*  we  have  also 
quoted  the  correlation  coefficients,  R,  for  the  best 
values  of  n  =  n0  and  for  other  values  of  n.  The  relatively 
low  probable  error  for  the  solution  comprising  the  74 
abrupt  meteors  is  probably  indicative  of  the  increased 
accuracy  resulting  from  reductions  of  meteors  with  well 
determined  common  points* 
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<  )  Tsbls  17 

Least-Squares  Solution  of  Equation  (63)  for  Beginning 
Points  of  Boreal  Meteor  and  for  Bursting  Points  of 

Abrupt  Meteors 


Abrupt 

meteors 

All  nonaal 
meteors 

Normal  meteors* 
v<40  krvseo 

Mo*  of 
meteors 

74 

238 

142 

log  C  (egs) 

4*10 

9.42 

"o 

l*94«p*ll 

2*82*0*07 

3.11*0.14 

R 

0*84£*03 

0*91**01 

n 

1*0 

2*0 

R 

0*74t*03 

0*871*02 

n 

3.0 

4,0 

R 

0.73&.06 

0*831*02 

the  normal  meteors  used  for  oooparlson  were  the  first 
group  of  meteors  to  be  reduced*  Additional  data  are 
available  at  this  time  but  have  not  yet  been  utilised  in 
a  least-squares  solution*  Such  work  will  not  be  earned 
out  until  after  the  approximate  reduction  program  has  been 
completed*  and  after  a  study  of  errors  has  been  made  by 
the  comparison  of  a  larger  number  of  eases  treated  by  both 
the  accurate  and  the  approximate  systems  of  reduction* 

(  ) 


However#  the  probable  errors  leave  no  doubt  that  the 
beginning  points  of  these  faint  normal  meteors  occur  according 
to  a  law  different  from  that  Obeyed  by  the  bursting  points 
of  abrupt  meteors* 

By  selecting  only  the  excellent  oases  of  meteors 
with  abrupt  rise#  we  gain  the  double  advantage  of  using  the 
meteors  with  the  most  accurately  known  heights#  and  of 
limiting  our  material  to  a  group  of  meteors  that 
indisputably  belong  to  the  seme  class*  In  this  process 
we  are  neglecting  about  25  percent  of  our  data  and  are 
also  reducing  the  range  of  velocities  and  heights  since# 
as  we  have  mentioned#  the  best  examples  of  abrupt  meteors 
are  low- velocity  objects*  This  latter  fact  suggests 
that  possibly  the^v2  =  constant  law  approached  by  abrupt 
meteors  is  a  result  solely  of  their  velocity*  However# 
a  study  of  low  velocity  normal  meteors  (see  Table  17)  shows 
that  only  a  small  change  in  the  velocity  exponent  occurs 
for  these  meteors  as  compared  to  that  for  normal  meteors 
of  all  velocities* 

Figure  6  shows  the  relationships  determined  for  the 
beginning  heights  of  normal  meteors  and  the  bursting 
helcJits  of  abrupt  meteors  as  functions  of  velocity*  The 
filled  ciro lee  represent  individual  cases  of  the  beginning 
points  of  normal  meteors  and  the  open  circles  represent 
the  bursting  points  of  abrupt  meteors*  In  spite  of  the  wife 


Figure  6 

ATMOSPHERIC  DENSITIES  AT  BBOZNNINO  AMD  BDRSTZMO  POINTS 
VERSOS  METEOR  VELOCITIES 


Beginning  points  of 
normal  meteors  and 
least- squares  solution 
for/V*  «  constant. 


Bursting  points  of 
abrupt  meteors  and 

O  O 

o  least-squares  solution 

n 

for  pv  «  constant. 


Point  of  disruption 
of  7  meteors  showing 
a  hump  in  the  light 
curve  (data  from 
Jaochla). 
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scatter,  most  of  which  is  probably  real,  cm  can  readily 
see  tho  distinction  between  the  two  groups* 

Tracing  the  course  of  the  average  meteor  by  means 
of  this  graph*  wo  see  that  It  first  reaches  a  point  in 
the  atmosphere  at  which  it  may  be  expected  to  become 
luminous*  That  is,  on  the  classical  meteor  theory, 
heat  transfer  to  the  body  becomes  sufficient  to  vaporise 
the  material o  Then  at  some  later  time,  which  depends  on 
the  meteor  velocity,  the  pressure  on  the  body  (/v2)  exceeds 
the  crushing  strength  of  a  certain  class  of  meteoroids  and 
the  abrupt  rise  in  intensity  may  occur*  The  scatter  that 
is  possible  in  these  points  may  cause  any  given  meteor, 
especially  if  it  be  a  low-velocity  object,  to  be  visible 
first  at  the  fracturing  point*  However,  for  high  velocity 
meteors  our  results  predict  that  in  almost  all  cases  the 
burst  will  not  occur  at  the  beginning  point  of  the  meteor* 

A  confirmation  of  this,  and  of  tho  result  in  general,  is 
supplied  by  seven  meteors  studied  by  Jacchia  (1949)*  These 

,r’ 

meteors  showed  an  unusual  increase  in  luminosity  on  the 
rising  branoh  of  the  light  curve*  This  behavior  is  abnormal 
in  contrast  to  the  flaring  meteors  as  described  by  Hiss 
Hoffleit  (1933)  and  Jacchia*  Both  found  flares  to  occur  labor 
in  the  meteor's  trajectory.  Also,  unlike  a  true  flare, 
the  luminosity  of  these  seven  meteors  remained  high  after 
the  buret  and  did  not  retreat  to  the  level  predicted  by  the 


thoorotlcal  llgit  curve.  Jaochla  tentatively  aaaoeiated 
this  phenomenon  with  the  atmospheric  E- layer  tut  it  aeons 
certain  now  that  the  correlation  was  duo  to  chonco.  Wo  have 
plotted  the  disruption  points  (X’s)  for  these  meteors  in 
Figure  6.  Their  agreement  with  the  constant  pressure  curve 
is  good. 

B*  Beginning  Points  of  Normal  Moteore 

Our  interest  in  normal  meteors  in  the  preceding 
section  was  induood  primarily  by  our  desire  to  compere 
them  with  the  special  class  of  abrupt  meteors.  However* 
the  result  Obtained  is  worth  further  study  and  explanation* 
even  though  only  an  approximate,  approach  is  feasible  at 
this  time. 

First*  we  should  point  out  explicitly  that  the 
beginning  point  is  a  function  of  the  instrument  as  well 
as  of  the  meteor.  Zt  is  the  first  dash  image  of  sufficient 
intensity  to  be  photographed  and  detested  by  eye  on  a 
careful  inspection  of  the  trail.  Often  the  observer  will 
bo  able  to  detect  a  questionable  image  (or  images)  at  a 
point  before  the  first  well  defined  dash.  The  beginning 
point  of  such  a  meteor  may  be  in  error  by  that  amount  if 
the  observer  lnoorreotly  decides  that  the  doubtful  images 
do  or  do  not  belong  to  the  meteor  trail. 
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Wo  will  ask  how  our  observed  distribution  of 
beginning  points  as  a  function  of  velocity  agrees  with 
the  predictions  of  the  meteor  theory* 

The  intensity  at  any  point,  given  by  equations  (6b) 
and  (7a),  Is 


whore 


'T'-'  m 


-2/3  .8/5 


n  s  *  7F  A  B  P 


(64) 

(63) 


Wo  have  replaced  the  exponents,  3,  by  the  general 
quantities, A  and  Our  result  will  consist  of  one 

equation  Involving  these  two  unknowns*  We  have  then, 
the  relationships 

(66) 


•  Strictly  speaking,  we  should  consider  both  A  and 
t  as  functions  of  velocity*  Xn  the  ease  of  A,  we  can 
only  make  a  negative  statement :  there  is  no  reason  to 
believe  it  remains  constant* 

For  t *  wo  could  refer  to  the  theoretical  reaction 
rate  model  proposed  by  Cook,  tyring  and  Thomas  (1931)* 
Under  such  a  hypothesis,  higher  velocity  meteors  may 
acquire  energy  at  such  a  rate  that  the  surface  would  bo 
maintained  at  a  teeperature  in  exoess  of  the  vaporisation 
temperature*  The  energy  per  gram  of  mass  lost  would  thon 
exceed  that  determined  by  the  latent  heat* 

We  shall,  however*  neglect  these  changes  and  base  our 
calculations  on  the  classical  meteor  theory,  utilising 

£  =  constant* 

T 
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From  our  previous  resuit#  we  know  the  relationship  between 
p  and  v  for  average  normal  meteors*  Supposedly#  we  oan 
find  a  similar  relation  for  Z  and  v  for  these  meteors*  If# 
then#  we  oan  do  the  same  for  the  masses#  we  will  bo  able 
to  cheek  the  functional  representation  given  by  equation 
(66)*  Ho  find  aeourste  meteor  masses#  we  must  rely  upon 
accurate  photometry  of  the  entire  meteor  trail  and  tho  use 
of  equation  (10)« 

<er) 

Neglecting  any  ohange  of  velocity#  we  haves 

«W>  *A=  fr  Jl  <».  (®) 

Jaeehia  (unpublished)  has  devised  an  approximate  method  for 
determining  the  integrated  intensity#  whioh  we  will 
reproduce  here* 

Let  Zggg  be  the  meteor  intensity  at  the  point  of 
maximum  light  and  the  limiting  intensity  of  the  plate* 
Wo  define 

A  *  ■  "ub  -  "«*  "  *  2*5  108  (69) 

Also#  1st  T#  the  duration  of  the  meteor#  be  defined  as  the 
time  during  which  the  meteor  intensity  is  above  the  plate 
limit* 
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We  win  employ  a  gausslan  curve  to  represent  the 

intensity  of  the  meteor  as  a  function  of  timet 

_h2  *2 

i  =  w  •  c°> 

We  have  chosen  the  time  scale  such  that  Z  =  at  t  =  0. 
Then  X  =  2^  at  t  =  +  |.  Xt  follows  that* 


-h2  I? 

4 

X.  4  s  X  e  i 
lira  max 


(71) 


and 


c-sy*- 


ku»/ 

From  equation  (69)  we  then  find* 


(72) 


h  -  (*§*)  (&)1*  -  »«9  (75) 

WO  can  now  integrate  the  intensity*  as* 
r  r  -h2  t2  !__-  T  r 

£dt’J>ce  «  =  •"*  2^  -  *  ^  w 

The  use  of  the  gausslan  may  be  questioned*  For  low* 
velocity  meteors*  the  representation  may  be  very  good.  For 
high-velooity  moteors*  whose  light  curves  are  not  sycnetrical* 
it  can  be  very  bad*  However*  the  integrals  under  the 
Gaussian*  as  defined*  end  undor  the  actual  curve  do  not 
differ  greatly*  Xn  this  ease*  the  proof  of  this  pudding 
lies  in  the  result  of  comparing  the  accurately  integrated 
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intensities  and  the  approximately  intecrated  intensities* 

Jaeehia  finds  the  agreement  to  to  extremely  good  (^5  percent) 

in  those  examples  for  which  a  ocmparlson  was  made* 

As  a  result  of  equation  (7*0#  we  may  compute  the 

quantity,  v^.  The  duration  is  Given  in  terms  of  the 

total  number  of  breaks  visible,  N.  M  (or  I _ )  is 

max  max 

obtained  from  photometry  (see  Jaeehia,  1949)*  To  determine 
^lim*  **°  aflSuno  4hat  the  magnitude  of  the  meteor  at  the 
beginning  point  is  that  of  the  plate  limit,  whore  the  plate 
limit  is  defined  as  the  magnitude  of  the  faintest  star 
visible  on  the  photometric  comparison  plate  poaaoaaing 
star  trails  of  the  same  length  as  the  meteor  dash. 

0.  3*  Hawkins  (unpublished)  has  kindly  supplied  us  with 
his  estimates  of  these  values,  given  as  a  funotlon  of  the 
length  of  the  star  images*  The  estimates  are  considered 
accurate  to  within  0*2  magnitudes* 

Although  wo  lack  precise  ptotemetry  on  meteors  treated 
in  this  work,  wo  do  have  a  group  among  those  used  in 
the  beginning  point  determination  for  which  consistent, 
if  not  absolute,  estimates  of  maximum  magnitude  have  been 
made*  Using  oquatlon  (74)  we  have  determined  the  integrated 
intensity  of  ill  such  meteors*  The  average  values  of  the 
logarithm  of  this  quantity,  as  a  function  of  velocity  class 
appears  in  Table  18* 


Table  18 

Average  Integrated  intensity  of  111  Meteors 
as  a  Punetlon  of  velocity 


Velocity  class 
(krs/sec) 

10-20 

20-30 

30-40 

40-50 

50-60 

>60- 

all 

Number  of 
meteors 

28 

28 

17 

12 

9 

19 

111 

log  Jl  dt 
in  arbitrary 

i «\ 
CO 

. 

.90 

•83 

.96 

1.19 

•80 

.87 

units 

The  scatter  in  the  individual  value  of  log  Jl  dt 
is  considerable  but  there  is  apparently  very  little  velocity 
correlation.  A  least-squares  solution  for  the  exponent 
in  the  equation 

v11  Jl  dt  «  oonstant  (75) 

yielded 

n  »  *0.1  +  0*1. 


We  have*  then* 

n  CT  ..  0*1  ♦  0.1 

V“  <5.  jl  dt  V  *“ 

or 


_  ^ „(*«•♦  o.i)  ioa 


(76) 

(77) 


Since  a  negligible  amount  of  material  has  been  lost  by  the 
meteor  by  the  time  It  first  beoone  visible*  we  may  assume 


For  Information  relating  to  the  Intensity  at  the 
beginning  point*  we  shall  oonsidor  a  group  of  "average" 

(to  be  defined)  meteors*  We  shall  assure*  as  we  did  in 
determining  tho  integrated  intensity*  that  the  magnitude 
of  the  first  visible  dash  is  equal  to  the  limiting 
magnitude  of  a  comparable  trailed  comparison  plate*  To 
convert  this  to  absolute  intensity  we  oust  make  several 
assumptions*  listed  below*  The  numerical  values  derived 
from  these  assumptions  will  define  the  average  meteor* 

We  assumes 

(a)  The  average  distance  of  the  meteor  from 
the  radiant*  in  terms  of  sin  r*  is  tho  same  for  meteors 
of  all  velocities*  From  the  average  of  100  meteors  we 
determined  an  average  value  of  SETr  •  0*58* 

(b)  The  average  senith  distance  of  the  beginning 
point  of  the  meteor*  in  terms  of  coe  Z*  is  the  same  for 
meteors  of  all  velocities*  For  the  same  meteors  used  in 
(a)*  we  found  this  average  to  be  coo  7  a  0*94* 

Table  19  lists  the  various  stops  in  the  oorrootion 
of  the  beginning  magnitudes  (apparent)  to  units  of  absolute 
intensity*  The  computations  are  made  for  7  average*  and 
hypothetical*  meteors  with  velocities  between  10  and  65  kn/feeo* 
Rows  2*  3*  and  4  glv*  respectively*  the  density  (/°)  at  the 
beginning  point*  confuted  from  equation  (63)  and  Table  17; 
the  corresponding  height  above  sea  lovel  (H)  as  taken  from 
the  Rocket  Panel  Atmosphere*  and  the  height  above  the  point 
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of  observation  (h).  Using  the  average  value  of  cos  z# 
so  obtain  the  range#  R#  from  equation  (39)  t 


From  equation  (44)#  we  may  now  determine  the  length  of 
the  meteor  dash  for  eaoh  of  these  velocities,  by  using 
the  value#  sin  r  *  0*38  found  above*  we  may  write# 


or 

to'  „  „ 

«  dash  length  =  5LglQJ£a 

Row  6  contains  the  limiting  apparent  photographic  magnitudes 
for  dashes  of  this  length#  as  interpolated  from  Hawkins'  values* 
In  row  7#  we  have  corrected  the  preceding  value  Jbr 
the  difference  of  the  trailing  velocities  of  comparison 
star  and  meteor#  and  row  8  is  the  absolute  photographic 
magnitude;  that  is#  the  magnitude  the  beginning  point  would 
display  had  it  been  at  100  lea  distance* 

Hie  plot  of  log  Z  against  log  v  (see  Figure  7)  gives 
a  graphical  solution  to  the  velocity  dependence  of  the 
intensity  at  the  beginning  point  of  the  normal  meteors* 

Wo  find  that 

.89  ♦  (*) 

Z  • 


(79) 


8ft 


Table  19 


Derivation  of  Photographic  Intensities  of  Baginning 

Points  of  Paint  Meteors 


Velocity 

10 

15 

20 

30 

40 

50 

85 

log  /> 

-7.50 

-8.00 

-8.35 

•8.85 

-9.20 

-9.47 

-9.79 

K 

77.5 

84.5 

89.5 

98.5 

102.0 

108.5 

112.0 

h 

78.0 

63.0 

88.0 

95.0 

100.5 

105.0 

110.5 

R 

80.8 

88.3 

93.8 

101.1 

106.9 

111.7 

117.5 

*9 

10.75 

11.00 

11.20 

11.50 

11.85 

11*75 

11.85 

% 

3*3 

3.1 

3.1 

3.0 

2.9 

2.6 

2.7 

** 

3.8 

3.4 

3.2 

3.0 

2.0 

2.6 

2.4 

log  Z 

*1.52 

-1.38 

-1.28 

-1.20 

-1.12 

-1.04 

-0.98 

Zt  is  difficult  to  assess  the  accuracy  of  the  result 
because  we  cannot  be  oertain  of  the  value  of  aseuoptlons 
(a)  and  (b). 


Sunaarising  socae  of  our  immediate  results  for  the 
normal  meteors  studied  here#  we  have 

-2.8 

# 

0.1  -/" 

n  96  v 
O.T 

and  I  . 


2/3  /*+  J/ 

X  m  ^  v 


(80) 


-  05  - 
or 

v0-7^  <°*x  ^  V*2*8  v^.  (81) 

Equating  expononta.  wo  arrive  at: 


\/jl+  V*  3.4.  (82) 

3 

If  we  assume  tho  values  of  the  standard  meteor  theory. 
p  =  V  «  3#  a  discrepancy  of  about  one  half  of  a  power  of  v 
exists  between  our  results  and  those  predicted.  On  the 
other  hand.  Opik's  original  statement  that  7^  T0  v.  which 
leads  to/*®  3.  was  intended  to  apply  only  to  bright 
meteors.  Be  predicted  that  for  smaller  bodies.  ^  would 
be  independent  of  velocity.  And  indeed.  Jaoohla  finds 
that  for  Super-Schmidt  meteors,  some  improvement  in  the 
computed  atmospheric  densities  results  when  this  assumption 
of  oonatant  T  is  employed.  Our  result  would  tend  to 
confirm  this.  We  have. 


and 


if  /*  «*  3.  2.4 


if  JA  ®  2.  Um  2.7. 

a  value  which  is  more  oompatiblo  with  the  assumed  value 
of  V*  3* 

On  the  other  hand,  we  might  also  explain  the  deviation 
of  equation  (82)  from  the  predicted  value  by  a  change  in 
V.  The  argument  in  favor  of  this  will  be  presented  in 
the  next  chapter. 
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There  can  be  some  question  concerning  the  significance 
of  this  general  result*  The  assumptions  used  are  reasonable 
and  the  power»law  approximations  are  fair*  However* 
until  a  more  rigorous  solution  is  performed,  with  a 
larger  number  of  meteors,  this  should  be  accepted  as  a 
preliminary  result*  We  believe,  thougi,  that  the 
preceding  analysis  has  shown  the  desirability  of  repeating 
the  work  on  a  more  extensive  scale* 


CHAPTER  XV 
THE  METEOR  WAKE 

A.  Characteristics  of  Wakes  and  Trains 

The  moot  striking  characteristic  of  the  first  Supers 
Scheldt  meteor  photographs  was  the  froquont  presence  of 
a  considerable  amount  of  luminosity  in  the  shutter 
breaks  of  the  trails*  The  frontispiece  shows  an  example 
of  this  so-called  wake*  Some  such  effect  had  been  seen 
on  a  few  photographs  obtained  earlier  with  smaller 
cameras  (MUlman  and  Hofflelt,  1937)  but  in  general  these 
cameras  were  too  slow  and  the  breaks  too  short  for  this 
phenomenon  to  be  easily  apparent*  Xn  addition,  the  Shuttexs 
of  these  earlier  cameras  were  placed  in  front  of  the 
objective  and  did  not  give  as  shsxp  a  cut-off  in  the  breaks 
as  do  the  foeal  plane  shutters  of  the  Schmidts*  Thus 
it  is  more  difficult  to  recognise  extraneous  luminosity 
in  those  somewhat  blurred  breaks* 

We  have,  in  cur  definition  and  in  our  thinking, 
distinguished  between  the  phenomena  of  wake  and  train*  We 
have  postulated  that  luminosity  In  the  wake  results  from 
small  particles,  detached  from  the  meteoroid  proper,  which 
decelerate  with  respect  to  the  meteor  and  show  a  luminosity 
behind  the  meteor*  These  particles  will  still  have  a 
velocity  ootqparable  to  that  of  the  meteor*  The  train  is 
supposed  to  result  from  reoombinatlons  of  nearly  stationary 
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atmospheric  Iona  and  atone  after  the  meteor  has  passed* 

The  hypothesis  that  two  separate  phenomena  nay  cause  a 
luminosity  in  the  breaks  requires  Justification*  Any 
simple  inspection  of  the  trail  cannot  distinguish  between 
the  two,  and  there  appears  to  bo  no  way  at  proaent  by 
which  wo  can  show,  for  certain,  that  the  wake  is  distinct 
from  the  train  phenomena*  However,  the  present  data  give  m 
several  facto  which  makes  such  a  distinction  entirely 
plausible* 

First,  let  us  assume  that  the  intensity  in  the  brealcs 
is  duo  to  train,  and  then  ask  how  the  observed  character- 
istics  of  this  intensity  compare  with  the  known  oharaotor* 
isties  of  a  train*  We  know  (tiller  and  Whipple,  1994), 
for  example,  that  trains  Show  considerable  more  light  in 
the  red  than  do  meteors  and  we  would  therefore  expect 
enhancement  of  the  intensity  in  the  break  on  panchromatic 
film*  As  yet  we  do  not  have  an  example  of  the  same 
meteor  photographed  on  different  emulsions  but  this  test 
should  be  kept  in  mind  for  the  future*  However,  the 
complete  lack  of  success  of  train  photography  with  blue 
emulsions  and  the  existence  of  strong  wake  on  the  same 
emulsions  ore  in  themselves  good  evidence  for  the  belief 
that  the  two  phenomena  are  separate* 
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Sons  information  is  also  available  on  the  decay  tine 
of  meteor  trains.  LiUer  and  Whipple  assumed  an  arbitrary 
luminosity  decay  of  the  form  Z  =  1^(1+  Kt)8  to  fit  the 
observations  of  meteor  trains.  The  values  of  decay 
constant#  X#  depended  on  height  and  reaped  in  value  from 
0.3  to  3.0  seoa"1.  Without  concerning  ourselves  with  an 
exact  analysis#  a  visual  inspection  of  any  trail  shows 
that  the  intensity  of  the  wake  has  decreased  by  at  loast 
a  factor  of  a  over  a  distance  of  a  dash  length  (l/tto  sec). 
This  order»of-magnltude  calculation  yields  a  X  of  100  secs*1# 
a  value  quite  out  of  line  with  those  for  train  decay, 
faults  can  be  found#  however#  with  the  above  comparison. 

If#  for  example#  the  deoay  constant  Itself  is  a  function 
of  time#  the  comparison  is  not  valid.  Iiller  and  Whipple 
derived  their  result  from  the  luminosity  occurring  several 
seconds  after  the  passage  of  the  meteor#  and  our  data  relate 
to  a  period  of  time  only  several  hundredths  of  a  second 
after  the  meteor.  Perhaps  there  is  no  reason  to  expect  the 
decoy  factor  to  be  oonstont  over  this  range.  Furthermore# 
the  form  of  the  decay  equation  may  not  be  at  all  oorreot. 

A  oocparlaon  of  the  statistics  of  trains  and  wakes 
offers  a  more  conclusive  method  of  distinguishing  between 
the  two.  Wo  have  noted  (Table  13)  that  the  existence  of 
wake  la  primarily  a  low* velocity  meteor  phenomenon.  Trains# 
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on  the  other  hand*  are  distinctly  associated  with  high- 
velocity  meteors*  Visual  observers  (Olivier*  1925 j 
Norton*  19^6)  comonly  characterise  the  Leonid*  Orionld* 
Perseld  and  other  high- velocity  meteor  showers  as  train- 
producing*  this  writer*  on  the  basis  of  several  years  of 
visual  observations*  concurs* 

the  average  velocity  of  30  meteors  In  the  Harvard 
program  for  which  trains  have  been  sucoeaefUlly  photographed 
Is  39  hm/seo*  Of  these  meteors*  40  have  been  reduced  by 
the  approximate  method*  9  were  treated  by  precise  means 
and  one  waa  Identified  visually  as  a  Perseld  meteor  for 
which  we  have  assumed  a  velocity  of  60  km/sec.  we  wish 
to  thank  Mr*  Robert  F.  Hughes  for  a  considerable  portion 
of  the  approximate  reductions  and  for  supplying  these 
data  prior  to  publication* 

Table  20  gives  the  velocity  distributions  and  the 
corresponding  distribution  that  would  be  expected  if:  (a) 
meteors  produced  trains  Independent  of  their  veloelty  and 
(b)  the  distribution  of  meteor  velocities  Is  that  given  by 
Column  (a)  of  Table  12  In  Chapter  XX*  The  disparity  Is 
striking*  between  the  numbers  expected  and  those  observed 
and  cannot  be  explained  In  terns  of  observational  selection. 
Although  the  Harvard  observers  In  Hew  Mexloo  were  cognisant 
of  the  older  Observations  concerning  trains*  there  was  a 
period  when  they  thought  the  majority  of  trains  they 
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observed  visually  Mere  associated  with  meteors  of  low 
(apparent)  velocity.  However*  the  effort  to  verify  this 
visual  observation  by  photography  failed* 


Table  20 

Distribution  of  Velocities  Among  Train-Producing  Meteors 


v  (kc/sec) 

Observed  Number 

Expected  Mum 
(see  text) 

10*20 

0 

15*1 

20*30 

3 

11.4 

30-40 

5 

10*5 

40-50 

2 

3.2 

50-60 

5 

2.4 

>  60 

35 

7*4 

Total 

50 

50*0 

Our  aim  has  been  to  justify  our  distinguishing  betueon 
wake  and  train*  and  the  velocity  criterion  is  sufficient 
to  do  so*  But  at  the  same  time  we  may  note  that  it  is 
not  only  velocity  that  governs  train  occurrences*  The 
observations  of  Trowbridge  (1907)*  Liller  (195*0*  and 
Whipple  (1955)  agree  as  to  ths  fact  that  the  maxima  of  meteor 
trains  lie  in  the  vicinity  of  85  to  90  kilometers  altitude* 
This  region  is  more  accessible  for  meteors  of  moderate  speed 
(—30  Im/aoe)  than  for  very  fast  meteors*  Consequently* 
if  slower  meteors  do  produoe  trains*  we  would 
anticipate  a  larger  number*  if  not  a  preponderance*  of  suoh 

(  ) 
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meteors  among  the  train  data* 

The  final  point  in  favor  of  the  theory  that  snail 
particles  cause  the  mice  phenomena  rests  on  Jsechia's 
(1935)  interpretation  of  the  anomalous  behavior  of  faint 
meteors*  If  fragmentation  does  occur*  we  must  expoet  a 
wake*  The  amount  and  the  character  of  the  wake  will 
depend  on  the  amount  of  fragmentation*  the  sise  of  the 
fragmented  particles  and  the  known  eireumetanoes  of 
the  meteor  itself  (velocity*  hoitfit,  and  trajectory)* 

The  remainder  of  this  chapter  will  present  a  quantitative 
treatment  of  this  problem* 

B*  Theory  of  the  Meteor  Wake 

we  will  assume  that  at  some  tine*  t  «  0*  a  small 
particle*  of  mass  c^*  is  separated  from  the  meteoroid*  We 
will  further  aseume  that  the  parent  body  does  not  shield 
the  fragment  from  collision  with  the  air  molecules  and 
that  the  same  meteor  thoory  may  bo  oppliod  to  meteoroid 
and  to  wake  particle*  The  problem  will  be  simplified 
without  any  appreciable  loss  of  accuracy  if  we  suppose 
that  the  meteoroid  does  not  decelerate  during  the  several 
breaks  over  which  we  will  study  the  fragment*  Me  can 
now  derive  the  equations  giving  the  intensity  of  the  wake 
as  a  function  of  distance  behind  the  meteor* 
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the  drag  equation  has  been  given  aet 

H  s  v2  =  •  K^nf1^  v2,  (83) 

Introducing  equation  (14),  relating  the  mass  and 
velocity  wo  find! 

2{v?  -  v2)  4 

Ig.-V^e16  v®.  (84) 

Substituting  into  equation  (84)  the  relationship* 


we  find 


dt  « 

bV3  -  $"o  *  v2) 
j: - dv 


(85) 

(86) 


By  choosing  a  suitable  scale  height*  8*  we  nay  describe 
the  atmospheric  density  In  a  region  of  several  kUonotere 
by  the  exponential  laws 


/?=  P  e 


-H/& 


(87) 


the  height  of  the  meteor  at  any  time,  K*  Is  given  by 
H  =  HQ  +  (s0  •  0)  eos  where  is  the  senith  distance 
of  the  apparent  radiant*  Wo  will  choose  our  boundary 
conditions  that  at  t  =  tQ*  s  =  0*  All  subscript  seres 
refer  to  conditions  at  the  tine  the  fragment  separates  fron 
the  neteor*  Them 
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ol/J  \  -  -  »*> 


do 


*1 


TT5^ 


dv.  (38) 


Replacing  P  o*11®^  by/£  and  integrating  from  0  to  8  and 


from  vA  to  v  ue  have: 
o 


do 


S  CO®  Zr 

F" 


W?  *?vf\  f’2 

do  =  \  — . e  / 

l  ,*ia  y 


dv* 


(09) 


In  terras  of  a  now  auxiliary  quantity, 

u  -  fv2,  (90) 

6 

the  right  hand  aide  reduces  to  the  difference  of  two 
exponential  integrals  and  we  obtain* 


B1  (“o)  •  Bi  (u) 


'8  008 


ia 


,e 


f 


o  I 


or 


8  * 


008  Zjj 

/E4  (U  )  •  EL  (u) 

- -i,. 

2  ^e/o  •*  0 

n^/5  oos 


(91) 


(92) 


(se) 


where 


f 

f 
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;  ''  Hie  w.p.a.  Tablet  (1940)  of  the  exponential  integrals  with 

i  v .  - 

I  arguments  to  four  placet  (0*000  •  9*999)  were  used  for 

I  solutions  of  this  equation* 

I  Having  ohosen  values  for  c^*  H0#  vQ  and  oos  Zg*  we 

computed  values  of  s  for  various  values  of  v*  In  general* 
about  80  such  computations  were  made*  representing  a  range 
in  v  of  v0  ^  v  ^  v0  *10  kzo/eec*  The  tine  elapsed  since 
fragmentation  is  obtained  by  quadrature  from  the  tabular 
relationship  v  versus  ew  (or  ^  versus  s^)  where  sM 
represents  the  distance  travelled  by  the  wake  particle 
since  fragmentation*  Using  this  and  the  assumption  that 
the  meteor  Itself  travels  at  constant  velocity  vc*  we  find 
the  lag  of  the  wake  particle*  behind  the  meteoroid*  to  be 

ds  =  s  -  a*  *  v0  t  -  a*.  (94) 

Since  this  lag  is  known  as  a  function  of  v*  we  may  use  the 
Intensity  equation  to  find  the  luminosity  due  to  the  wake 
particle  as  a  function  of  the  lag*  As;  that  is*  we  may 
determine  the  intensity  arising  from  a  particle  at 
acme  given  distance  behind  the  meteoroid  i 

T*  mVi,v6 

Z  per  particle  *  ^  •  (95) 

Furthermore*  alnoe  we  know  the  velocity  of  this 
partiole  and*  by  assumption*  the  mass  of  the  particle  at 
the  time  of  fragoentatlon  when  its  velocity  was  v0*  we  may 
(  )  employ  equation  (14)  to  determine  the  mass  of  the  particle 
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at  the  tine  It  decelerates  to  a  velocity  v*  Substituting 
this  value  of  n  in  equation  (93)*  we  obtains 

Z  per  particle  »  ^  AAO*2^  e~  2?*°  *  (96) 

Suppose  for  the  nonent  that  the  neteor  ie  at  rest 
and  is  a  source  of  wake  particles  that  accelerate  away  from 
the  neteor*  At  the  tine  of  fregaentatlon*  the  wake 
particles  have  the  sans  velocity  as  the  neteor*  l.e»,  sero 
velocity  in  the  present  fraiae  of  reference*  Assume  that 
fragmentations  take  place  at  a  constant  rate 
and  that  this  process  has  continued  for  a  length  of  tine 
sufficient  to  allow  the  first  particles  to  havo  accelerated 
to  some  given  velocity*  say  10  taV*oe»  Then  the  current 
of  particles  is  in  a  steady  state  for  a  distance  equal  to 
the  space  required  for  a  particle  to  rsaeh  this  velocity* 
and  a  continuity  condition  exists  in  this  region*  In 
particular*  the  nunorioal  linear  density  of  particles 
is  given  by  the  equation* 

(97) 

whore  v*  is  the  veloolty  of  the  wake  particle  with  respect 
to  the  meteor  at  rest*  Reverting  to  the  usual  frame  of 
reference*  we  havo:  • 

^^Jy0  •*)  “fc* 


(96) 
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at  the  tlxoo  it  decelerates  to  a  velocity  v.  Substituting 
this  value  of  a  in  equation  (95)#  wo  obtain t 

Z  pop  pertlole  »  ^||/\A&~^5  o"  2?^  "  (96) 

Suppose  for  the  moment  that  the  meteor  is  at  pest 
and  is  a  source  of  wake  particles  that  accelerate  away  from 
the  meteor*  At  the  time  of  fragmentation#  the  wake 
particles  have  the  sane  velocity  as  the  meteor#  i.e.,  aero 
velocity  in  the  present  frame  of  reference*  Assume  that 
fragmentations  take  place  at  a  constant  rate 
and  that  this  prooesa  has  continued  for  a  length  of  time 
sufficient  to  allow  the  first  particles  to  have  accelerated 
to  some  given  velocity*  say  10  lea/soc*  Then  the  current 
of  particles  is  in  a  steady  state  for  a  distance  equal  to 
the  apace  required  for  a  particle  to  reach  this  velocity# 
and  a  continuity  condition  exists  in  this  region*  in 
particular#  the  numerical  linear  density  of  partiolos 
is  given  by  the  equation# 

or) 

whore  v*  is  the  velocity  of  tho  wake  particle  with  respoot 
to  the  meteor  at  rest*  Reverting  to  the  usual  frame  of 
reference#  we  haves  • 

Tv0  -^v)  n^* 


(98) 


(  ) 
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Multiplying  equation  (96)  by  equation  (96)*  we  obtain 
a  quantity ,  designated  by«£  *  which  we  will  call  the 
linear  Intensity*  This  Is  the  energy  per  second  emitted 
by  a  unit  length  of  the  stream  of  wake  material*  We  have 
them 


^  n^^v6  £ 


•  %  (v§  -  v*) 


(ve  -  v) 


(99) 


where  tie  have  also  multiplied  numerator  and  denominator  by 
Pin  order  to  transform  the  constants  into  the  measured 
quantities,  and  cr. 

It  will  be  noted  that  equations  (98)  and  (9*0#  relatii* 
the  lag  and  velocity,  refer  to  a  particle  that  has  been 


fragmented  at  some  given  height,  Hq,  and  the  intensity  that 
we  derive  is  the  intensity  of  this  particular  fragment  at 


eaoh  point  in  its  lifetime  as  it  retards  with  respect  to 


the  meteoroid*  It  is  this  intensity  whloh  we  have  Integrated 
in  order  to  obtain  the  expected  distribution  of  light 
in  the  wake,  whereas  actually  the  wake  intensity  at  any 
given  time  is  duo  to  particles  that  have  left  the  meteoroid 
at  different  times  and,  therefore,  with  a  different  initial 


condition  on  Hq*  Our  computations  will  be  meaningful  only 
if  the  conditions  of  the  problem  are  such  that  those 
particles  contributing  light  to  the  portion  of  the  wake 


near  the  dash  are  released  from  the  meteor  at  nearly  the 


earn e  height  as  those  contributing  light  far  from  the  dash. 

If  the  meteor  velocity  IB  low,  the  particle  also  email 
and  the  senlth  distance  of  the  radiant  large*  this  condition 
will  be  best  fulfilled*  We  will  concern  ourselves  further 
with  this  error  at  a  later  time* 

For  the  convenience  of  the  reader*  we  shall  list  the 
assumptions  made  up  to  this  point* 

(a)  there  Is  no  appreciable  deceleration  of  the 
meteoroid  during  the  lifetime  of  a  fragment* 

(b)  All  fra&oents  are  Initially  the  same  else 

and  shape  * 

(c)  the  wake  particles  fragment  from  the  surface 
at  a  constant  rate  for  at  least  a  period  of  time  equal  to 
the  lifetime  of  one  particle* 

(d)  Each  wake  particle  reacts  with  the  atmosphere 
In  the  same  fashion  as  a  non- fragmenting  meteor* 

The  assumption  that  we  know  the  values  of  oertaln 
physical  constants  la  Implicit  In  (d)*  But  the  fact  la* 
we  do  not*  Our  values  of  <7*  derived  from  meteors*  are 
neither  constant  nor  reasonable*  Also*  the  observed 
value  of  the  density  of  the  meteoroid*  —  and  thus 
K}  — -  may  not  be  the  same  for  parent  body  and  fragment* 

For  example*  If  the  meteor  la  a  hollow  matrix  of  needles 
and  each  needle  Is  a  frapaent*  both  the  density  and  shape 
factor  would  differ  from  fragment  to  meteoroid*  In  the 
oaee  of  cr*  we  will  employ  the  lowest  value  observed  for 
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any  meteor,  10*12  (5J&)2,  and  assume  that  this  value 
la  representative  of  a  meteor  which  loses  all  of  Its 
material  by  evaporations,  for  K1#  we  will  use  Jaoohla's 
(19^9)  assumed  value  of  0*76  (ogs).  Althoutfi  an  error  In 
our  choice  of  this  constant  will  affect  our  fragment  masses 
considerably,  the  results  will  remain  self-consistent  since 
the  same  factor,  appears  In  both  of  our  final 

equations  (92  and  99). 

C*  Gbsermtioaml  Problems  of  the  Meteor  Mate—  k  Study  of 
a  Particular  Case 

One  meteor  trail  has  been  treated  In  considerable 
detail  by  the  method  given  above.  The  procedure  and 
results  of  this  Investigation  are  of  general  Interest  and 
will  guide  ua  In  a  following  study  of  the  expected 
distribution  of  wake  among  meteors  of  different  velocity 
classed* 

The  meteor  chosen  for  study  Is  Ho*  3367,  the  one 
reproduced  In  enlargement  In  the  frontispiece*  It  has 
been  reduced  under  the  direction  of  Dr*  Jacohla  who  has 
kindly  made  available  the  results  of  the  measurements 
and  photometry*  Some  of  this  Information  is  outlined 
In  Table  21* 


100 


Table  21 

Oeneral  Information  Relating  to  Meteor  No*  336? 


Film  No* 

ST  945 

Date 

Aug*  15*  1932 

H(n  =  !)• 

100  km 

H(n  «  28)* 

91  km 

H(n  »  J8)w 

88  km 

VoO 

26*8  km/soo 

v(n  »  28) 

26*6  km/seo 

ooa  Zfi 

•717 

%o 

•031  grams 

lo®  °oba 

•10*9 

No*  of  dashes*  N 

40 

♦(n  refers  to  the  dash  number*  the  first 
visible  dash  being  designated  as 
number  1), 

A  low* velocity  meteor  was  ohoeen  to  eliminate  any 
effect  of  train*  The  analysis  is  based  on  the  assumption 
that  the  entire  luminosity  in  the  breaks  is  due  to  the 
smell  partiole  ablation* 

The  curved  film  of  the  Super-Schmidt  has  been  copied 
on  a  flat  glass  plate  for  measurements  by  Jacobis*  The 
positive  was  used  to  make  an  enlarged  (4x)  negative  of 
the  meteor  trail  and  its  environs*  This  plate  was  traced 
along  the  meteor  trail  on  a  Baird  densitometer*  operated 


with  a  slit  width  of  about  1/50  of  a  dash  length*  With  this 
densitometer,  drift  in  the  tracing  can  be  severe  if  the 
intensity  of  light  falling  on  the  photocell  is  below  a 
certain  level*  The  use  of  the  enlargement  permitted  the 
use  of  a  relatively  narrow  slit  without  forcing  the 
instrument  to  operate  in  this  low  sensitivity  range* 
furthermore,  since  our  interest  is  primarily  in  the  wake, 
the  use  of  a  negative  rather  than  a  positive  print 
eliminates  any  possibility  of  drift  being  important  in 
the  breaks*  The  relatively  alow  rate  of  change  of  density 
in  the  dash  makes  the  drift  problem  negligible  in  those 
regions*  The  diffusion  resulting  from  the  finite  slit-wldth 
has  been  neglected  in  the  calibration  procedure* 

The  interpretation  of  suoh  tracings  is  not  a  standard 
photometric  problem*  Xn  the  tracing  of  a  epeetrum,  for 
example,  the  length  of  slit  la  not  an  Important  factor,  for 
the  density  profile  along  the  slit  is  essentially  flat* 

In  the  ease  of  the  meteor,  the  profile  is  nearly  bell-shaped 
and  the  densitometer  can  record  only  acme  average  density 
over  the  length  of  the  slit*  If  the  shape  of  the  profile 
and  the  shape  of  the  characteristic  curve  are  known,  one 
oan  indeed  determine  the  original  intensity  that  produced 
the  image  but  the  procedure  would  be  time-consuming*  And 
in  any  ease,  we  have  no  first-hand  knowledge  of  the 
ohameterlstlo  curve*  Star  images  oan  supply  this,  but  we 
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have  preferred  to  bypass  this  step  in  favor  of  a  more 
direct  method*  The  usual  method  (Jacohla*  1949)  of  meteor 
photometry  gives  us  an  intensity  scale  that  applies 
directly  to  the  meteor  images*  We  can  associate  a 
densitometer  scale  reading  (which  for  the  reason  Just 
given  should  not  be  called  a  density)  with  the  photometric 
magnitude  for  each  dash*  For  meteor  No*  3567  a  range 
of  about  3  magnitudes  exists  between  the  extremes  in 
intensity* 

Tracings  wore  made  with  several  different  slit 
lengths*  ranging  from  a  length  that  slightly  exceeded  the 
breadth  of  the  brightest  image  to  a  length  of  half  this 
amount*  Xn  each  case  a  good  linear  relationship  between 
scale  reading  and  observed  magnitude  was  Obtained*  The 
shortest  width  was  finally  employed  since  it  gave  the 
greatest  contrast  in  scale  readings* 

Slnoe  the  maxima  of  intensity  of  the  dashes  on  this 
meteor  do  not  exhibit  flat  tops*  there  is  some  question 
concerning  what  scale  reading  should  be  attributed  to 
the  observed  magnitude*  in  coopering  meteor  dashes  with 
trailed  star  images*  as  is  done  in  visual  photometry*  one 
would  expect  the  eye  to  Judge  on  the  basis  of  an  extended 
image  and  thus  derive  some  integrated  magnitude  that  was 
leas  than  that  of  the  maxlmua*  Slnoe  photometry  is  carried 
out  with  star  images  whloh  are  trailed  a  distance  equal  to 


the  length  of  a  meteor  dash*  no  decided  to  accept  the  value 
of  the  scale  reading  at  the  point  chare  the  rising  and  falling 
branches  of  the  scale-reading  curve  were  separated  by  a 
distance  of  1/2  dash  length*  This  is  roughly  comparable 
to  assuming  that  the  individual  responsible  for  the 
photometry  chooses  for  comparison  a  star  image  chose 
density  could  be  equal  to  the  density  of  the  meteor  if  the 
Intensity  causing  the  meteor  image  had  been  smoothed  out 
evenly  over  one  dash  length*  We  have  not  looked  for  an 
exact  criterion  here,  ce  can  only  make  an  intelligent 
approximation*  The  final  results  do  not  depend  critically 
on  our  choloe  in  this  matter* 

Figure  8  gives  the  results  of  this  calibration*  The 
magnitudes  are  absolute  photographic*  The  ourve  is  based 
on  40  points  representing  photometric  estimates  and 
densitometer  readings  on  as  many  dashes*  Jaeehla  considers 
these  magnitudes  to  be  accurate  to  within  o$l  or  0?2  in 
regions  of  moderate  density**  The  individual  points  are 
compatible  with  this  estimated  figure*  Depending  on 
Individual  preference  for  results  Obtained  by  an 
experienced  visual  observer  or  for  those  obtained  from  an 

*  Jaoohia  has  employed  no  correction  for  any  reciprocity 
law  failure  that  may  exist  between  meteor  exposures  f-l( r3 
seconds)  and  trailed  star  linages  (~1  second)*  We  have 
followed  this  procedure  here  although  we  believe  the  need 
for  such  a  correction  may  well  exist.  The  question  must  be 
considered  open  until  more  information  on  the  emulsion 
becomes  available. 


accurate  densitometer  necessarily  used  Ineptly*  one  can 
justify  the  aeouraey  of  the  other* 

For  the  study  of  the  wake*  six  dashes  (n  =  25  to  31)  were 
chosen*  The  meteor  shows  strong  wake  In  this  region*  Then 
breaks  do  not  differ  markedly  from  one  another  and  the 
tracings  Indicate  that  no  stars  of  appreciable  brightness 
are  superimposed  on  the  trail*  However*  we  decided  to 
average  the  scale  readings*  rather  than  Intensities*  for 
these  breaks  In  order  to  diminish  the  importance  of  any 
fainter  star  Images  that  might  be  present*  Before  the 
averaging  process  could  be  carried  out*  It  was  necessary 
to  determine  some  zero  point  In  each  dash  tracing*  The 
point  of  maximum  llgit  appeared  to  be  the  obvious  ohoioe 
of  a  well  defined  poaltlon  on  each  break*  Zt  waa  found* 
though*  that  the  distances  between  maxima  did  not  change 
monotonleally*  Xt  waa  rather  surprising  to  find*  than* 
that  the  points  of  minimum  light  were  separated  by  a  nearly 
constant  distance  and  offered  a  far  better  choice  of  a  aero 
point* 

Scale  readings  were  recorded  for  26  points*  separated 
by  equal  Intervals*  In  each  of  the  six  break  and  dash 
oycles*  Theee  may  be  found  In  Table  22*  reproduced  here 
In  place  of  the  actual  tracings*  The  homogeneity  among 
the  six  breaks  will  be  noted*  The  last  column  Is  the 
average  density  profile*  Zt  la  this  observed  average  of  the 
six  shutter  cycles  that  we  will  attempt  to  reproduce  by 
computations*  Curve  A*  Figure  9*  shows  In  grtphleel  form 
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Table  22 

Values  of  Soalo  Readings  for  delected  Positions  on 
Six  Shutter  Cycles  of  Mstoor  No*  3567 


Break  No*  26 


27 


26 


29 


31  (Average) 


Fraction 

0 

1 

2 

l 

5 

6 

1 

10 

11 

12 

8 

15 

16 

2 

19 

20 
21 
22 

U 

25 

26 


35.0 

35.2 
36*8 
38.1 
40*0 
42*0 
44*2 
47*0 
49*8 
54.0 
58.6 

U:l 

74^ 

76.0 

76*1 

75.3 

7d:t 

63.0 

&g 

42*3 

38.6 


38.7 

38.9 

8* 

41.7 

43.1 
45.0 

47.6 

50.2 

53.9 

58.7 
62 


8 


.VI 

72.8 

75.2 
76.1 
76.1 

74.8 

72.4 

68.3 

61.8 

54.7 

47.5 

41.7 

38.7 
36.9 
36.9 


35.3 

35.6 
3g.7 
38.2 

40.3 
42.8 
45.0 

48.4 

50.7 

U:t 

61.0 

65.0 

70.0 

B 

78.3 

76.6 

73.1 

68.5 

61.7 
.9 

5.2 

39.5 

36.1 

35.2 


ll: 


36.75 

37*03 

38.05 

39.37 

41.22 
43.25 
45.62 
48.60 
51.55 

55.22 

P' 

d\l5 

75.8 

76.13 

75.4? 

73.72 

70.12 

64.98 

58.57 

P 

40.92 

38.02 

36.97 


the  densitometer  readings  as  a  function  of  the  break-dash 
cycle  (An  »  1  represents  one  shutter  cycle).  The  round 
top  is  characteristic  of  each  dash  and  is  not  a  result  of 
smoothing  by  the  averaging  process.  It  should  also  be  noted 
that  the  scale  readings  for  most  of  the  cycle  lie  between 


Scale  Reading 
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40  and  73  whore  the  oalibratlon  la  beat  determined  (aee 
Figure  8),  This  was  not  a  natter  of  pure  chance*  Meteor 
No*  3567  waa  selected  free  several  dosen  others  for  a 
variety  of  reasons*  Zts  low  velocity  and  assumed  absence 
of  train  have  been  mentioned*  The  appearance  of  the 
strong  wake,  well  above  the  photographic  threshold  value* 
is  another*  A  stronger  wake  Image  oould  have  been  obtained 
by  choosing  a  meteor  in  poorer  projection  against  the  plane 
of  the  sky*  l*e**  a  meteor  at  a  scalier  distance  from  the 
radiant*  but  this  would  have  intensified  the  problem  of 
correcting  for  the  photographic  diffusion  of  the  meteor 
Image  into  the  wake*  The  present  example  la  a  compromise 
between  high  density  images  and  low  diffusion* 

Our  general  approach  to  the  analysis  of  these  raw  data 
originally  followed  these  lines  t 

(a)  Correct*  by  acme  means*  the  Intensity 
profile  for  photographic  diffusion* 

(b)  Find  that  else  of  particle*  fragmented 
from  the  meteor*  which  would  cause  the  observed  slope 

in  the  Intensity-lag  curve  of  the  wake*  We  do  not  intend 
to  insist  on  the  validity  of  the  aasuoptlcn  that  particles 
of  only  one  else  are  responsible  for  the  wake*  but  our 
data  are  not  sufficiently  good  to  determine  a  meaningful 
distribution  of  particle  aloes*  Thus*  the  beat  approach 
seems  to  be  an  attempt  to  find  that  one  else  which  can  beat 
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characterise  the  observations* 

(c)  Xn  process  (b),  we  have  determined  one  of 
the  desired  factors,  mQ,  by  fitting  observed  and  computed 
slopes  of  the  wake  intensity  curve*  the  other  unknown, 
iSp,  in  our  basic  equation  (99)  is  fixed  by  the  integrated 
Intensity  in  the  wake* 

The  question  of  correcting  the  observed  profile  for 
effects  of  diffusion  becomes,  as  will  be  seen,  the  crux 
of  the  entire  problem  of  meteor  frapnentatlon.  For  the 
first  attempt,  we  made  the  assumption  that  the  major  part 
of  the  light  of  a  meteor  waa  derived  from  the  meteoroid 
itself  and  that,  consequently,  the  wake  represented  only  a 
small  perturbation  on  the  total  ligit.  if  this  is  so,  the 
maxima  of  the  dash  will  represent  the  position  of  the 
meteor  after  it  has  traveled  half  the  distance  of  the  dash* 
These  assumptions  would  predict  an  undiffused  profile 
similar  to  that  of  Curve  B,  Figure  9*  Ms  can  use  the 
difference  in  intensity  between  the  observed  and  undiffused 
curves  at  any  point,  say  "a*  in  Figure  9,  to  the  left  of 
maximum  light  to  correct  the  corresponding  point,  "a" ,  on 
equal  distance  to  the  right  of  maximum  light.  As  a  modest 
refinement  of  this  method,  we  have  corrected  the  leading 
edge  of  the  dash  to  a  point  determined  by  the  wake  of  the 
next  cycle*  The  dotted  extrapolation  of  Curve  A  in  Figure  9 
represents  our  estimate  of  this  intensity* 
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The  resulting  curve  In  the  wake*  rectified  by  the 
procedure  described  above.  Is  expressed  as  Curve  C  In 
Figure  9*  It  should  be  clear  from  the  description  of 
the  method  of  wake  formation  that  such  an  Intensity 
distribution  behind  the  meteor  Is  an  Impossibility*  At 
the  tine  of  fragmentation,  the  particles  have  their  highest 
velocity,  greatest  mass  and  strongest  concentration  along  the 
meteor  path*  All  of  these  factors  act  to  produce  a 
constant  decrease  In  wake  Intensity  with  Increasing 
distance  from  the  meteor*  Only  the  air  density,  ,  can 
act  to  Increase  the  luminosity  and  this  effect  Is  negligible 
for  particles  of  short  lifetime*  We  can,  by  radically 
changing  our  thinking  on  the  wake  process,  construct  a  model 
to  explain  this  light  curve,  but  wo  have  not  found  what  we 
believe  to  be  a  reasonable  model*  We  could,  for  example, 
assume  that  particles  disengage  themselves  from  the  meteor, 
decelerate  with  respect  to  it,  and  then  fragment  Into  still 
smaller  pieces*  One  would  prefer  much  stronger  evidence 
for  this  oocplloated  technique  before  accepting  It* 

We  can  reduoe  the  extent  of  the  departure  of  the  wake 
from  a  monotonic  curve  by  assuming  that  the  maximum  light 
does  not  represent  the  position  of  the  meteor  at  the  center 
of  the  dash  exposure*  In  this  ease,  then,  we  are  assuming 
that  an  appreciable  fraction  of  the  light  cornea  from  the  wake 
a  fraction  large  enough  to  shift  the  center  of  light  to  an 
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earlier  portion  of  the  dash*  If  this  Is  true,  we  are  no 
longer  Justified  In  assuming  the  same  excess  of  Ugit 
due  to  diffusion  for  points  at  equal  distances  to  the  left 
and  to  the  right  of  the  ohosen  center*  Or,  In  other 
terms,  the  wake  Is  no  longer  a  small  perturbation  on  the 
total  Intensity  and  we  must  be  concerned  with  the  diffusion 
of  Ite  luminosity*  Nevertheless,  If  we  were  to  find  that 
this  offset  Is  small  (but  not  negligible),  we  might 
conclude  that  the  simplified  diffusion  correction  used 
up  to  the  present  would  supply  at  least  a  good  first 
approximation* 

To  test  this,  several  rectified  wake  curves  were 
computed  on  the  assumption  that  the  center  of  the  meteor 
would  be  found  at  some  point  to  the  right  of  maximum  light. 
Centers  were  chosen  at  the  points  marked  d  and  e*  The  resitting 
rectified  wake  curves  are  given  as  Curves  D  and  K,  Figure  9* 
Only  when  the  maximum  intensity  of  the  wake  approaches  that 
of  the  meteor  do  we  find  a  curve  that  might  represent  the 
Intensity  of  fragmented  pert  Idea*  We  must  approach  the 
diffusion  problem  In  another  way;  we  cannot  think  of  the 
wake  at  producing  an  amount  of  light  very  small  compared 
to  that  of  the  meteoroid* 
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The  general  diffusion  equation* 

F(x)  <=^f(x*4)  g(4)  d*  *  (100) 

relates  an  observed  function*  F(x)*  with  an  (undlffused) 
function*  f(x)  through  an  error  funotlon*  g(^)  which  In 
this  case  will  be  a  measure  of  the  degree  of  photographic 
image  spreading  •  as  caused  by  aberrations*  turbidity  of 
emulsion  and  seeing  -  and  of  the  smoothing  effect  of  the 
finite  width  of  the  densitometer  slit*  To  a  first 
approximation*  the  intensity  curve  derived  from  a  tracing 
of  a  star  Image  may  be  used  as  an  error  function*  Several 
stars  near  the  meteor  trail  on  film  ST  9^5  were  traoed  with 
the  same  slit  employed  for  the  meteor*  These  Images  show 
a  certain  amount  of  trailing  but  this  does  not  affect  the 
results  if  the  tracing  is  made  with  the  silt  lying  parallel 
to  the  long  axle  of  the  star  Image* 

Because  of  the  characteristic  of  the  reciprocity  law 
failure  for  the  X-Ray  emulsion*  we  oamot  uae  the  same 
calibration  curve  for  meteors  and  for  stars*  The  Eastman* 
Kodak  Company  has  supplied  us  with  the  reciprocity  failure 
ourves  for  densities  of  0*6  and  1*0*  Assuming  these 
points  He  on  the  straight  line  portion  of  the  H*D  curve* 
we  can  write 


D  =  Y  U°s  It  -  log  1) 


(101) 


and  solve  for  the  Inertia  point  and  the  alope  at  various 
exposure  times*  The  results  for  the  two  oases*  representing 
approximately  the  exposure  times  for  meteors  (-0.001  see) 
and  for  tracked  stars  (3  minutes)  are  found  in  Table  23* 

Table  23 

Bffeot  of  Reciprocity  Lam  Failure  on  the  Characteristic 

Curve  of  X»Ray  finulslon 


Exposure  time  (sees) 

io8-® 

10°.5 

Density 

log  It  (MOsec) 

0*6 

•1*36 

-1.75 

1*0 

•1*00 

-1.44 

/ 

1.1 

1.5 

log  1 

-1.90 

•2*22 

To  interpret  the  density  readings  obtained  from  the 
star  tracings*  we  shall  use  the  ratio  of  *°  oorrect 

our  calibration  curve*  Figure  8*  Since  we  wish  to 
normalise  the  star»lntenslty  profile*  we  need  not  concern 
ourselves  with  any  more  nearly  absolute  intensity  units* 

The  normalised  profile  of  the  star*  as  a  function  of 
distance  measured  on  s  scale  of  1  *  break-dash  cycle*  is 
given  in  Column  2  of  Table  24*  This  observed  curve  can  be 
quite  well  represented  by  an  error  function  of  the  usual 
form* 
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«(*)  -  •*  6  ,  (ioa) 

sir 

If  wo  ehooso  the  diversion  parameter  to  be 

h  *  0.35. 

nils  computed  function  is  given  in  Column  3  of  Table  24 
for  comparison* 


Table  24 

Observed  sad  Computed  Intensity  Profiles  for 
Point  Source  Images 


Distance  from 

Computed 

Computed 

Image  Center 

Observed 

(h  =  0.35) 

(h  =  0.173) 

0 

•19g 

•198 

.096 

0.025 

.178 

.175 

& 

0.050 

.no 

•121 

0.075 

0.100 

•059 

.024 

•066 

•024 

.076 

.061 

0.125 

•015 

.009 

•046 

0.150 

•007 

•002 

.033 

0.175 

•001 

•000 

•022 

0.200 

0 

0 

•014 

0.225 

0 

0 

•006 

0.250 

0 

0 

•005 

0.275 

0 

0 

•002 

We  have  stated  that  the  star  image  profile  is  a  good 
first  approximation  to  the  error  function,  in  that  a  point* 
source  profile  should  properly  account  for  most  of  the 
diffusing  elements  of  the  image  and  tracing.  Zt  fails# 


however,  in  one  respect*  Meteor  Images  on  the  Super-Schmidts 
are  noticeably  out  of  focus  compared  to  star  images,  because 
of  the  color  differences*  It  has  been  found  that  one  can 
duplicate  the  character  of  meteor  images  by  using  trolled 
star  images  that  are  obtained  with  the  focal  length  shortened 
by  about  25  to  100  microns*  Using  the  known  angle  of  the 
beam  at  the  focus  of  this  f/0*<55  system,  we  can  obtain  a  fair 
estimate  of  the  increased  dispersion  resulting  from 
Improper  focus*  Although  the  earners  is  capable  of  producing 
star  images  of  15  microns,  under  field  conditions  of  changing 
temperature  and  inexact  focal  settings,  somewhat  larger 
images  should  probably  be  expected*  We  have  assumed  them 
to  be  20/(*  A  change  of  focus  of  25y^  would  then  almost 
double  the  image  sise*  Such  a  line  of  reasoning  has  led  us 
to  adopt  an  error  function,  for  the  meteor  images,  of  the 
same  analytic  form  as  that  Obtained  for  the  star  but  with 
the  diffusion  modulus,  h,  equal  to  half  that  of  the  star* 

Xt  la  difficult  to  estimate  the  error  that  alight  be  expected 
in  such  an  approximation*  Using  an  out-of-focus  star  image 
might  seem  to  be  preferable  to  making  the  assumption  oonoemlng 
the  form  of  the  error  curve*  Then,  however,  we  would  need 
a  comparison  of  the  characteristic  curves  of  the  enlarged 
negatives  of  both  the  meteor  photograph  and  the  out-of-focus 
star  photograph*  In  the  absence  of  any  real  intensity 
standards  on  the  star  piste,  it  would  be  ne oessary  to  assume 


that  the  two  photographs  had  been  treated  identically  in 
the  many  processes  between  the  initial  photograph  end  the 
final  enlargement.  The  alternative  assumption,  as  used, 
of  the  tom  of  the  error  curve  does  not  appear  to  be  any 
less  satisfactory*  The  writer  feels  that  any  estimate  of 
&  for  meteors  between  the  values  of  0,10  to  0*20  could 
be  Justified,  Zf,  instead  of  h  =  0,173,  we  used  twice 
this  value  for  the  diffusion  parameter,  we  can  still  find 
a  particle  else  that  will  reproduce  the  observed  intensity 
curve,  Xn  this  case,  the  particle  else  is  less  than  an 
order  of  magnitude  larger  than  the  mass  we  shall  show  to  be 
most  acceptable, 

Using  h  -  0,175,  we  Obtain  the  error  function  for  the 
diffusion  of  the  meteor  intensity  as  given  in  the  fourth 
column  of  fable  24,  this  error  function  is  the  one  that  will 
be  used  in  the  solution  of  equation  (100), 

Our  second  attempt  to  correct  for  diffusion  was  also 
abortive.  Us  used  a  method  due  to  Opik  and  described  in  m 
unpublished  manuscript  by  Bok  and  do  Jongo  (see  also 
de  Jongs,  1954),  first  we  "diffuse”  the  observed  function 
curve,  obtaining 

*'(«>  =  g(«)  d€,  (10J) 

and  then  correct  the  observed  function  to  obtain  the  true 
function  by  the  equation 


(10*) 
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f(x)  *  P(x)  ♦  jp(x)  •  p'(*)J. 

This  is  tantamount  to  the  assumption  that  successive 
applications  of  the  diffusion  equation  sill  yield  the  same 
change  in  the  ordinate  for  any  given  x.  Bok  and  de  Jongs 
shoved  that  more  refined  methods  were  necessary  when  the 
distribution  was  skew,  as  is  ours*  But  more  important*  such 
a  method  must  fail  when  the  diffusion  ia  not  reasonably 
small*  The  application  of  this  method  to  our  functions 
resulted  in  some  negative  intensities  for  the  "true11  function* 
Other  logical  inconsistencies »  related  to  the  ratio  of  the 
Intensity  in  the  wake  and  in  the  dash,  demonstrated 
conclusively  that  we  had  overstepped  the  bounds  of 
reasonableness  in  attempting  to  apply  the  approximation* 

Before  continuing  with  the  third  attempt  at  correcting 
the  diffusion,  let  us  return  s  moment  to  our  first  method* 

We  were  led  to  that  approach  not  only  by  its  simplicity, 
but  also  by  a  preconceived  notion  that  all  meteors  produce 
most  of  their  light  by  atomic  ablation  dlreotly  from  the 
meteoroid*  The  first  approach  has  shown  that  at  least  a 
modest  fraction  of  the  light  arises  from  the  smaller  wake 
particles*  Our  third  approach,  then,  will  start  from  the 
assumption  that  all  of  the  meteor  luminosity  is  produced 
by  the  wake  particles*  This,  as  it  happens,  is  a  better 
first  approximation,  and  will  make  it  easier  to  produce  s 


-  116  - 

second  approximation*  Hie  greater  flexibility  results  from 
the  independent  determination  of  the  diffusion  function*  We 
are  no  longer  requiring  that  the  data  from  the  meteor  trail 
alone  supply  all  of  the  answers* 

Let  us  outline  the  method! 

(a)  We  first  ocnpute*  by  means  of  equation  (99)» 
the  linear  intensity*  «Q*  as  a  function  of  the 
lag*  da*  due  to  particles  of  some  given 
initial  mass*  n^* 

For  eonvenlonoe  of  explanation*  we  will 
express  the  lag*  as*  in  terms  of  a  fraction 
of  the  shutter  oyole*  n*  by  means  of  the 
relation 

n  =  60^*  (103) 

where  the  figure  60  represents  the  number  of 
shutter  cycles  per  second* 

(b)  Our  oonputatlona  in  (a)  do  not  lead  to  a 
quantity  that  wo  nay  observe  directly  on  a 
meteor  photograph*  Xn  essence*  (a)  yields 
an  intensity  distribution  as  a  function  of 
distance  behind  the  meteor *  this  is  what  we 
would  photograph  if  an  infinitesimally  Short 
ojqx>*ure  were  made  of  the  meteor*  The  actual 
exposures  are  not  of  this  nature  and  we  oust 
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aoeount  fop  the  "smearing”  caused  tor 
the  motion  of  the  meteor  during  the 
period  of  time  the  shutter  is  open* 

As  a  particular  oxeuqple*  the  intensity 
wo  photograph  at  the  point  where  the 
dash  and  the  wake  join  la  due  to  the 
am  of  the  intensity  at  this  point  and 
at  all  parts  of  the  wake  behind  it  that 
will»  as  a  result  of  the  meteor's  motion* 
roach  this  point  in  apaoe  before  the  shutter 
oloses  again*  Since  the  shutter  remains  open 
for  1/4  of  a  cycle  (On  ■  0*23)*  we  must 
integrate  the  linear  intensity  over  this 
distance*  This,  stated  analytically* is 

(t n  *  0*25 

xdn  «=  0  ^  (106) 

«Jdn  «  0 

or*  for  the  general  ease* 

rdn  ♦  0.25  n 

xdn  m\  r*d8*  (107) 

lhese  results  are  obtained  by  plotting^  as  a 
funotion  of  On  and  by  measuring  areas  with  s 
planimeter*  Zt  will  be  noted  that  the  part 
of  the  oyolo  £&  the  dash  («0.25<  An<0) 
receives  part  of  its  contribution  from  the 
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wake  in  the  next  oyclo* 

(e)  Using  the  true  function  obtained  in  (b)  and 
the  error  function  derived  in  Table  24,  we 
apply  the  diffusion  equation,  integrating 
by  quadrature  to  obtain  a  computed  function 
that  nay  be  coopered  with  the  observed  curve  Q 
(d)  Primarily,  wo  are  attempting  to  find  a 

computed  curve  whoso  slope  will  natch  that 
of  the  observed  curve  in  the  region  of  the 
wake*  However,  since  our  first  approadcation 
calls  for  the  entire  light  to  arise  from 
the  wake,  the  comparison  of  (o)  with  the 
observed  function  should  be  made  with  the 
maxima  of  the  two  curves  superimposed.  A 
snail  relative  shift  between  these  curves 
could  be  compensated  for  by  the  addition 
of  acme  light  produced  by  the  meteoroid* 

(o)  Let  ua  assume  that  we  have  found  the 

proper  value  of  nQ  to  fit  the  slope  of  the 
computed  curve  to  the  Observed  curve  in 
the  region  of  the  wake*  In  order  to  moke 
the  curves  match  with  respect  to  their 
total  intensities,  we  may  adjust  in 
equation  (99)  •  And,  of  course,  we  will  at 
the  same  time  be  adjusting  the  magnitude  of 
the  computed  curve  in  the  region  of  the  dash* 
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We  require  that  the  computed  curve  should  not 
contain  a  greater  integrated  intensity  than 
does  the  observed  curve  in  the  region  of  the 
dash*  Allowing  the  meteoroid  to  produce 
no  light  is  a  severe  enough  change  in  our 
thinking  —  we  cannot  expect  it  to  produce 
negative  light* 

(f )  We  should  expeot*  if  our  reasoning  and 
computations  are  correct*  to  find  some 
value  of  that  satisfies  the  criteria 
of  slope  and  intensity*  Such  a  particle  else* 
at  a  given  &p9  will  produce  the  wake  and 
part*  if  not  all*  of  the  intensity  wo  see  in 
the  dash*  Whatever  needed  intensity  the 
particles  fail  to  supply  to  the  dash*  we  will 
mice  up  with  light  from  the  meteoroid*  It 
will  then  be  necessary  to  recompute  the 
distribution  through  the  diffusion  equation* 
and  to  add  to  the  true  intensity  in  the 
dash  that  which  is  due  to  the  meteoroid*  If 
this  addition  is  snail*  one  would  expect  the 
sooond  approximation  to  be  sufficient* 

This*  than*  is  the  procedure  we  have  been  forced  to 
adopt*  Mathematically  speaking*  it  is  not  as  nice  as  the 
previous  methods*  We  must  perform  the  computation*  needed 
to  ‘'diffuse'*  the  results  of  light  curves  for  many  different 

«8 

particle  sites*  Xn  the  first  trial  we  used  a  value  of  ^  »  10 
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grama*  Curve  "A"  of  Figure  10  it  the  computed  (undlffueed) 
intensity  curve  for  the  woke  particles*  given  as  a  function  of 
On*  Vfe  have  adjusted  the  amplitude  of  the  curve  by 
assuming  a  value  of  which  equalises  the  integrated 
intensities  of  this  computed  curve  and  of  the  observed 
curve*  marked  uc”*  Curve  ltBu  is  the  computed  curve  diffused 
by  the  error  fUnotion*  The  computed  curve*  in  the  wake* 
falls  below  the  observed  curve*  If  we  force  them  to  natoh 
by  Increasing  &p9  we  will  increase  the  total  amount  of 
light  produced  by  the  particles  to  a  value  exceeding  the 
total  ligit  obaervod.  Consequently  we  oust  adjust  the 
particle  size* 

There  night  be  some  question  as  to  the  direction  in 
which  we  choose  to  casks  this  adjustment.  If  we  consider 
the  two  extreme  oases  in  whiohs  (a)*  the  meteor  ablates 
the  smallest  particles  possible  (atoms)*  and  (b)*  meteor 
ablates  the  largest  particle  possible  (meteor  breaks  into 
two  equal  pieces}*  we  see  that  both  eases  lead  to  aero 
wako-intenaity  •  Between  these  two  extremes*  then*  there 
must  be  some  value  of  mQ  which  produces  a  maximum  of  wake* 

The  familiarity  with  the  equations*  gained  in  the  first 
calculation*  is  sufficient  for  us  to  realise  that  in  the 
present  case  we  need  an  increase  In  the  si se  of  the 
particles* 
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Figure  10  Computed  Intensity  Distribution 
for  Wake  Particles  of  mo  -  10~8  grams. 

- Computed  (Undiffused) 

- Computed  (Diffused) 

- Observed 
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The  results  for  *  10*^  grans#  treated  in  the  sane 
fashion  as  above#  are  found  in  Figure  16*  The  fit  of  the 
observed  end  ocmputed  curves  is  extremely  good*  Note  that 
in  this  ease  the  entire  luminosity  can  be  attributed  to 
the  fragmented  particles*  Before  discussing  this  result# 
we  will  present#  in  Figures  12  and  13#  the  results  for 
still  larger  particles#  =  10*5  grams  and  mQ  -  10"**  grams* 
In  both  of  these  oases  we  can  obtain  a  satisfactory  agreement 
with  the  observational  curve  by  a  proper  choice  of  top  end 
Xfcf  the  intensity  produced  by  the  unfregoented  meteoroid* 

Xt  is  probable  that  agreement  oould  be  improved  somewhat 
for  all  of  the  last  three  oases  (oq  »  10*^#  10*5#  10*^) 
by  a  more  osxefUl  selection  of  the  parameters  and  Xb* 

The  nature  and  quality  of  the  data  make  suoh  refinements 
meaningless*  We  may  consider  that  any  one  of  these  three 
results  fit  the  Observations* 

The  preceding  analysis  has  supplied  us  with  a  lower 
limit  to  the  particle  also  that  may  be  used  to  describe  the 
meteor  wake*  Particles  smaller  than  10*^  grams  cannot 
reproduce  the  light  curve  of  the  wake  without  exceeding  the 
total  luminosity  of  the  meteor*  The  upper  limit  is  not  aa 
clearly  defined*  From  the  data  presented  so  far#  wo  might 
presume  that  particles  of  10*^  grams  or  even  10*a  grams  oould 
satisfy  all  of  the  observed  luminosity  conditions*  However# 
we  will  show  that  such  partiole  sloes  would  not  bo 
consistent  with  the  known  duration  of  the  meteor* 


Depending  on  the  mass  of  the  wake  particle*  a  oertain 
amount  of  time  is  necessary  fop  the  particle  to  lag  behind 
the  meteoroid  sufficiently  to  produce  luminosity  in  the  wake* 
Figure  14  is  a  plot  of  the  number  of  breaks  (n)  after 
fragmentation  traveled  by  the  meteor  before  particles  of 
initial  also  lag  by  An  -  0*83*  The  dotted  section  of 
the  curve  is  an  exponential  extrapolation* 

wake  becomes  obvious  in  this  meteor  by  the  position 

mil 

n  -  14*  if  we  were  to  choose  a  particle  else  of  -  10  * 
this  would  require  that  an  appreciable  fragmentation  should 
have  taken  place  before  the  meteor  was  visible*  Since  most 
of  the  ligit  of  the  wake  particles  is  expended  at  a  point  in 
or  near  the  dash,  the  meteor  oust  be  visible  as  soon  as  it 
fragments  a  sufficient  amount  to  produce  wake  (unless*  of 
o ourse*  the  fragmentation  occurs  at  heights  so  great  that 
the  air  density  is  too  low  for  any  vaporisation  to  take 
place)*  Consequently*  we  may  set  an  upper  limit  of  about 
1<T*  grams  on  the  particle  else  that  may  be  used  to  describe 
the  wake*  2n  this  ease*  the  frogaants  still  produce  a  large 
amount  of  the  total  light  produced  by  the  meteor* 

Additional  information  may  be  utilised  to  assist  us  in 
making  a  choice  of  the  partiole  else  that  should  be  attributed 
to  the  wake*  First*  wo  may  use  the  value  of  cr  measured  by 
Jaoohla  for  this  meteor  (see  Table  31)  to  determine  a 
reasonable  ratio  of  the  area  of  the  meteoroid  and  the  total 


area  of  the  woke  particles.  We  have  already  derived 
(equation  (25)#  Chapter  Z)  this  relationship  for  a  meteor 
fragmenting  in  the  manner  we  have  assumed  for  these 
calculations,  To  acquire  an  estimate  of  the  expected  value 
of  wo  nay  use  the  ratio  of  the  luminosity  caused 

by  the  wake  particles  and  the  meteoroid  to  represent 
the  ratio  of  the  areas  of  the  wake  particles  and 
meteoroid# 

2e  =  i  .  (106) 

flb  *b 

This  would  be  valid  if  all  the  wake  particles  possessed  the 
same  velocity  as  the  meteoroid;  then  total  intensities  would 
be  proportional  to  total  area.  Since  the  particles  produce 
most  of  their  luminosity  when  they  are  moving  at  velocities 
essentially  equal  to  that  of  the  meteoroid#  equation  (25) 
la  a  very  good  approximation* 

We  will  also  neglect  the  correction  to  necessitated 
by  the  use  of  too  great  a  mass  in  equation  (15)  (see  Chapter 
1*  page  18)«  We  might  estimate  that  these  two  ef foots, 
taken  into  account#  would  serve  to  increase  the  value  of 
by  less  than  25  percent* 

Table  25  gives  the  value  of  predicted  for  each  of 
the  three  possible  sices  of  wake  particles*  This  value  is 
baaed  on  the  actuation  that  the  true  value  of  ^is 


Table  25 


Parameters  Derived  from  Computations  Performed  to  Determine 
the  Sise  of  Wake-Produeing  Particles 


Initial  also  of  particle, 
n©  (greme) 

iO*8 

10"6 

10*5 

-4 

10 

Rate  of  mass  loss  by 
fragmentation,  tiu 
(grema/seo) 

.885 

.969 

•369 

.427 

Luminosity  produced 
directly  by  meteoroid,  Ib 

«0  ) 

0 

•253 

.366 

Ratio  of  luminosities 
of  wake  particles  and 
meteoroid,  Xp/I^ 

— 

oO 

3.9 

2*4 

Predicted  value  of  log 
cr  K.  (aec/km)2  (to  be 
o8Q0ared  with  •10*9) 

— 

ao 

-11*3 

•11*5 

ID*12  (H&)a,  the  value  used  in  the  computations*  We  have 
also  summarised  the  other  important  quantities  derived  from 
the  calculations*  These  results  tend  to  substantiate  the 
previous  oonolusions  on  the  best  partiole  sise  and,  indeed, 
narrow  down  the  limits  of  acceptability*  The  partiole  sise 
best  suited  for  reproducing  the  wake  phenomena  would  appear 
to  be  between  1<T*  and  10*5  grama*  xt  is  interesting  to  note 
that  this  value  agrees  extremely  sell  with  those  deduced 
by  Smith  (195*0  fur  meteor  flare  particles*  Sinoe  the 
ballietio  constants  employed  by  Smith  agree  closely  with 
ours,  wo  may  compare  masses  dirootly*  His  average  value, 
for  27  determinations  of  14  flares,  was  5«l<f6grana* 


At  the  tins  Smith  did  his  work*  the  oonoept  of  very  fragile 
meteors  of  low  density  had  not  been  fully  developed*  The 
only  feasible  eaplanatlon  for  flares  at  that  time  was  one 
of  molten  droplets  shedding  from  the  meteoroid*  If*  however* 
meteors  are  of  such  low  densities  as  we  now  believe*  there 
appears  to  be  no  esoape  from  the  conclusion  that  they  are  a 
matrix  of  material*  How  else  shall  we  form  a  meteor*  which 
we  know  contains  heavier  elements*  unless  there  exists  a 
considerable  amount  of  empty  space  in  the  bo<&? 

If  surface  melting  ooeurred  in  a  body  of  this  sort* 
one  would  expect  the  molten  material  to  flow  Into  the 
interstices*  This*  coupled  with  the  apparent  pressure 
fracturing  of  the  abrupt  meteors  (Chapter  III)  make  It 
seem  moat  likely  that  all  meteoroids  fragment  solid 
particles  from  the  surface* 

d.  sajigteaE 

We  may  utilise  the  information  obtained  in  the 
previous  discussion  to  inspect  some  broader  aspects  of  the 
wake  phenomenon*  The  reader  Should  beer  in  mind  the  various 
inadequacies  of  the  data  that  yielded  the  particle  else*  Xn 
particular  we  wish  to  emphasise  our  previous  remarks 
o oncoming  tho  distribution  of  ftuoaent  sloes*  The  assumption 
that  one  particle  sloe  is  re  sensible  for  the  wake  phenomenon 
is  almost  oortainly  wrong*  On  the  other  hand*  the  fast 
that  we  can  fit  the  observed  and  computed  curves  to  within 
the  error  lmpoood  by  our  Ignorenoe  of  the  diffusion 
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funotlon  shows  that  a  more  complex  distribution  function 

Is  not  justified  t  Any  other  hypothetical  distribution 

that  contained  an  appreciable  number  of  particles  smaller 
•6 

than  10  grans  would  also  produce  a  large  Intensity  in 
the  region  of  the  dash*  Our  previous  qualitative  discovery 
that  the  majority  of  the  luminosity  Is  produced  by  fragments* 
would  not  be  altered* 

Wo  shall  first  use  our  knowledge  of  the  fragment  else 
to  study  the  effect  of  the  meteor  velocity  on  the  presence 
of  wake*  Our  observations  (page  63)  show  that  wake  is  more 
pronounced*  in  general*  for  lower  velocity  meteors*  This 
observation  is  easily  understood*  in  a  qualitative  fashion* 

If  the  wake  Is  assumed  to  be  composed  of  small  fragments  whoso 
Initial  else  is  Independent  of  the  velocity  of  the  metoor* 

The  hlgier  the  velocity*  the  greater  the  deceleration  imposed 
upon  these  particles*  Then  at  any  given  lag*  An*  the 
particles  from  the  faster  meteors  will  have  lost  relatively 
more  of  their  velocity  than  have  the  low  velocity  particles* 
As  a  consequence*  their  luminosity  at  this  point  will  be 
relatively  lees  and  the  wake  not  as  pronounced* 

This  result  has  been  quantitatively  verified  for 
hypothetical  meteors  at  velocities  of  15  and  35  ka/seo* 
as  well  as  for  the  previous  esse  where  v0  =  26*6  ka/soc* 

For  the  osse*  v0  *  35  ka/seo*  we  oust  make  some  allowance 
for  the  error  caused  by  the  false  assuoptlon  that  all 
partloles  producing  the  wake  at  acme  point  are  released  from 
the  meteor  at  essentially  the  seme  holtfit*  The  computations 
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tflll  show  that  tho  meteor  Mill  decrease  in  heldit  fey 
approximately  &  (1  scale  height)  before  a  particle  can 
acquire  a  lag  of  An  »  0*5*  We  cannot#  then#  use  tho  seme 
Intenal tyvereue»lag  relationship  for  the  luminosities  at 
the  beginning  and  at  the  end  of  a  break*  Furthermore* 

Me  may  no  longer  expect  that  the  rate  of  fragmentation*  1^* 
Mill  remain  constant  over  the  time  require  (n  =  15)  far  the 
first  fragmented  particle  to  be  retarded  fey  On  *  0*5.  Xn 
order  to  estimate  how  this  rate  will  vary*  wo  need  not  know 
the  exact  process  fey  which  partloles  fragment*  but  we  may 
assume  that  tho  rate  will  be  proportional  to  the  area  of 
the  meteoroid*  Since  our  calculations  have  been  for  the 


beginning  of  a  meteor  troll#  where  the  area  ohengea  slowly* 
we  may  negloot  the  effeot  of  changing  area*  Whether  the 
detachment  of  the  partloles  results  from  crushing  due  to 
the  dynamic  pressure  ^v2)#  or  to  an  energy  transfer  to 
the  bonds  which  attach  the  fragment  to  the  meteor  i^&)$ 
we  should  aspect  tho  mass  lose  to  Increase  proportionally 
to  the  increase  in  the  air  dandty*  \  She  velocity  change 
of  the  meteor  between  n  *  0  and  n  *  15  will  not  exceed 
several  percent  and  may  be  neglected*  Shus#  wo  may  plausibly 
estimate  that  the  mass  loss  would  increase  in  these 


circumstances  fey  a  factor  of  e*  the  ratio  of  the  densities 
at  helgite  separated  fey  a  scale  helgit*  Actually#  this 

•i 

oholoe  of  the  mass  loss  may  be  considered  to  be  dictated  by 
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observation  alone*  To  a  good  first  approximation,  the 
light  curves  of  Dost  do  tears  are  predicted  by  the  usual 
mass^loes  and  intensity  equations,  which  are  based  on  the 
assumption  of  atonic  ablation  from  the  meteoroid*  Since  the 
fragments  thenaelves  are  ablated  in  a  fairly  short  tine  and, 
indeed,  produce  most  of  their  light  in  a  very  short  time, 
the  introduction  of  the  Intermediate  step  of  fragmentation 
will  not  alter  the  general  shape  of  the  llgit  curve  if 
the  fragmentation  does  not  occur  very  much  more  rapidly  than 
the  ablation  of  the  fragments* 

Consequently,  for  the  ease  of  v0  =  35  kq/aoc  we  have 
computed  the  linear  intensity  versus  lag  curve  (equation 
for  the  two  initial  oonditions  of  /°0  and  2*3  /%  with  the 
mass  losses  of  and  2*3  n^,  respectively*  Intensity 
curves  were  drawn  for  both  of  these*  Vo  determined  the 
intensity  to  be  expected  for  the  actual  wake  by  setting 
the  wake  intensity  in  and  near  the  dash  equal  to  the 
intensity  derived  from  particles  detached  from  the  meteor 
at  the  dash  (n  *  13),  while  the  wake  intensity  in  the 
break  (An  -  0*3)  was  set  equal  to  the  intensity  derived 
from  particles  detached  from  the  meteor  at  n  *  0*  For 
other  values  of  n,  a  aaooth  curve  was  drawn,  going  in 
transition  between  these  two  estrone  oases*  The  initial 
helgit,  described  by  /£,  is  the  average  beginning  hoigit  for 
faint  meteors  of  this  velocity*  Cos  Zg  has  been  taken  as 


0.717#  which  corresponds  to  the  observed  value  for  the  case 
at  v0  s  2 6*6#  computed  previously. 

For  the  case  v0  •  15  ta/sco,  the  ohango  In  height  of 
the  meteor  is  email  over  the  tine  required  for  the  particles 
to  show  an  appreciable  lag  and  the  extensive  corrections 
applied  above  were  unnecessary*  Also#  the  Initial  hcltfit 
chosen  for  this  computation  Is  the  average  beginning  heltfit 
for  faint  meteors  of  this  velocity#  Cos  was  taken  as  the 
same  value  as  the  one  used  for  the  oaae  of  v0  -  35  ks/seo. 

Computations  for  the  case  v©  *  26.6,  have  already 
been  made  In  connection  with  the  previous  analysis  of 
meteor  Ho#  3667#  These  results  apply  to  particles  detached 
from  a  meteor  at  a  point  3  lee  lower  than  the  average 
beginning  height  of  metoors  of  this  velocity. 

Figure  13  chows  the  expected  Intensity  in  arbitrary 
unite  In  the  oourse  of  one  shutter  cycle  for  the  three 
eases#  For  comparison  we  have  normalised  theso  curves  so 
that  the  total  Intensity  In  the  dash#  *0.23  <  An  £  0*0#  Is 
the  seas  for  all  oases#  Xt  Is  Interesting  to  note  that  the 
differences  in  velocities  here  have  very  little  effect  In 
changing  the  shape  of  the  intensity  curve  in  the  dashes# 
Those  differences  that  do  exist  aro  of  the  order  of  s  few 
peroent#  and  no  attsept  has  bem  made  to  Illustrate  these 
departures  from  the  mean  dash  cum  displayed  In  Figure  13# 


Figure  15  Velocity  Dependence  of  the 
Light  Intensity  in  One  Shutter  Cycle. 

(For  Wake  Particles  of  mo  =  10~5  grams.) 
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Xt  10  elear  from  this  figure  that  wake  should  be 
expected  to  bo  a  low»velooity  meteor  phenomena*  aa  obeerved. 
Three  additional  factors,  not  indited  in  the  calculations* 
modify  the  preceding  results*  Our  observational  data  are 
entirely  visual*  and  to  make  a  fair  eocparleon  we  should 
take  into  account  the  fact  that  the  eye  is  capable  of 
detecting  a  faint  and  long  image  as  easily  as  it  detects 
another  image  that  is  brighter  but  shorter*  Since*  in 
general*  the  faster  meteors  produce  longer  dashes*  we  should 
expect  that  this  effect  would  partly  overcome  the  ability 
of  slower  meteors  to  produce  a  visibly  de  too  table  luminosity 
in  the  wake* 

On  the  other  hand*  we  have  oonparod  the  undiffused 
theoretical  ligit  curve  and  our  observations  are  based  on 
diffuse  images.  With  this  correction  applied*  the  shorter 
images  produced  by  the  slower  meteors  will  have  the  advantage 
that  a  greater  portion  of  the  dash  luminosity  is  diffused 
into  the  break.*  This  factor  will  certainly  outweigh  the 

Wm  l^r'ini^abod  of  dlTfSaoh’  on  The  daihet  STKIgg' 
velocity  meteors  can  be  easily  scan  on  microdensitcmeter 
tracings  of  such  trails*  The  tracings  often  show  a  dash 
profile  on  the  same  nature  as  the  undiffUsed  curve 
plotted  in  Figure  13*  These  daahee  show  a  distinct  maximum 
at  the  point  bn  e  o*  decreasing  by  as  much  as  0*3  magnitudes 
at  the  point  dn  =  0*73*  This  confirms  our  supposition  that 
cuoh  of  the  meteor  luminosity  results  from  particles. 

Also*  it  demonstrates  the  power  of  the  densitometer 
technique  ••  this  change  in  intensity  oan  not  be  detested  by 
eye* 
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visibility  arguoont  and  will  increase  the  probability  that 
wake  nay  be  de  tee  ted  for  low-velocity  meteors* 

Finally *  tie  have  also  seen  that  hlgv»veloolty  meteors 
oust  persist  for  a  far  longer  interval  of  time  for  sake 
to  be  de  too  ted.  For  example*  If  our  hypothetical  meteor 
of  35  Vsa/ see  velocity  had  had  a  lifetime  of  10  dashes* 
little  wake  would  have  been  Observed*  since  even  those 
partloles  that  fragaanted  at  the  meteor's  beginning  would 
have  been  retarded  only  by  an  amount  dn  •  0*16*  On  tho 
other  hand*  a  noted*  of  15  Weeo  under  the  same  eondltlons 
would  have  wake  particles  at  An  =  0*54* 

On  this  basis  one  would  aspect  that  the  observed 
distinction  in  the  velocity  of  wake-producing  meteors  would 
diminish  If  one  were  to  observe  brighter  meteors  of  longer 
duration*  Such  Is  Indeed  the  oasot  essentially  all  long 
meteors  display  wake*  Independently  of  their  velocity* 
However*  this  fact  may  be  explained  just  as  easily  In  terms 
of  the  Increased  else*  and  consequent  Increased  mess-1  ose 
and  luminosity*  of  the  longer  meteors* 

E*  Terminal 

w  JHBMaBBCSBi  •TTmmSSMSJm 

Continuous  frsgaentatlcn  of  meteors  wherein  all  or 
most  of  the  luminosity  arises  from  snail  partloles  offers 
a  single  end  satlsfaotosy  explanation  of  some  examples  of 
terminal  blending*  this  elongation  of  the  final  dashes  wss 
reported  by  Jacohla  (1954)  to  ooour  In  approximately  one-thltf 


of  the  137  long  meteors  analysed.  Xn  these  eases  there 
was  no  aood  correlation  with  either  velocity  or  brightness* 
Our  onn  results  show  that  this  phenomenon  does  occur  nose 
frequently  with  low-velocity  meteors. 

the  ll&it  curve  of  a  meteor  with  blended  dashes 
often  shows  no  abrupt  variations  from  that  of  a  normal 
netoor#  although  the  blended  section  Itself  Is  characterised 
by  a  nearly  constant  Intensity,  at  variance  with  the  ending 
of  a  normal  meteor.  Blending  la  most  often  seen.  In  faint 
meteors,  for  two  or  three  dashes,  but  In  extreme  cases  It 
has  been  visible  for  an  ostimatod  50  dashes.  More  often 
then  not,  meteors  that  display  a  wake  are  not  blended. 

Let  us  oonslder  a  normal  meteor,  with  no  sharp 
discontinuities  In  the  light  curve,  as  It  nears  the  end 
of  Its  trajectory.  If  It  has  been  fragnenting  particles, 
ws  may  or  may  not  detect  a  wake,  depending  on  its  velocity 
and  duration.  At  this  point  In  the  meteor's  path,  the  rate 
of  fragnentatlon  will  deorease  rapidly  due  to  the  decrease  in 
area  and,  as  a  consequence,  the  luminosity  in  the  region  of 
the  dash  will  be  reduced.  However,  the  luminosity  in  the 
wake  may  be  relatively  high,  since  it  results  from  the 
far  larger  tutor  of  particles  that  were  fragmented  when 
the  meteor  area  was  appreciably  larger.  When  the  luminosity 
due  to  smeller  number  of  lamer  messes  eousls  the  lamer 
number  of  mwallsr  meats,  wake  and  dash  will  be 


lndlstlngul shable  and  terminal  blending  will  be  present. 

Zn  «hoee  oases  where  terminal  blending  ooeurs  suddenly 
without  any  previous  wake*  this  approach  appears  to  fail# 
or  at  least  to  require  the  very  special  ease  of  wake 
becoming  appreciable  just  as  the  meteor  ends  its  trajectory. 
Howover#  this  explanation  does  overcome  the  difficulty  of  a 
previous  suggestion  in  which  it  was  assumed  that  the  meteor 
suddenly  crumbled  near  the  end  of  its  path#  into  many  pieces 
of  comparable  also.  Such  an  overall  fragmenting  would  reault 
In  a  burst  of  luminosity#  which  is  not  observed. 
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SUMtMOr 


The  problem  of  meteor  fragmentation  is  not  a  new  one* 
large  meteorites  have  been  observed  to  buret  In  flight  and 
often  a  meteor  fall  will  consist  of  a  shower  of  bodies 
which  are  apparently  due  to  the  fnaoturlng  of  a  larger  body* 

However*  our  concern  Is  not  with  the  massive  meteorites* 
but  rather  with  small  meteors  whose  maximum  intensities 
range  from  ♦3pd  to  $h  magnitude.  An  immense  amount  of 
material  has  been  gathered  on  suoh  objects  within  the  past 
few  years  through  the  use  of  the  new  Baker  Super-Schmidt 
meteor  cameras* 

IWo  of  these  instruments*  separated  by  about  18  milea 
are  used  to  photograph  the  seme  meteor*  The  cameras  are 
equipped  with  rotating  shutters  that  oceult  the  meteor 
trail  at  known  intervals*  Prom  such  photographs*  the 
intensity*  height*  velocity  and  deceleration  of  the  meteor 
may  be  determined*  Using  the  olaasioal  meteor  theory*  one 
may  either  (a)  solve  for  the  density  of  the  atmosphere  from 
the  known  decoloration  or  (b)  assume  the  density  to  be  known 
and  determine  those  constants*  occurring  in  the  equations* 
for  which  we  have  only  estimated  values*  In  recent  years* 
since  the  advent  of  the  high  altitude  research  rocket  and 
the  resultant  increase  in  knowledge  of  the  upper  atmosphere* 
the  meteor  astronomer  has  tended  to  take  the  second  approach* 


Investigations  by  Whipple  and  by  Jaoehla  have  shown 
that  the  average  meteor  photographed  in  the  Harvard  program 
must  be  quite  a  different  object  from  the  meteorite*  Zt 
seems  entirely  likely  that  the  objects  are  of  extremely 
low  density  —  less  than  that  of  water*  Furthermore, 
the  oharaoteristios  of  the  light  eurve  of  the  meteor  and 
of  its  dynamic  behavior  in  the  atmosphere  can  only  be 
explained  in  terns  of  a  fragmenting  body* 

Because  of  the  high  accuracy  of  measurement  required  to 
determine  decelerations,  only  a  small  percentage  of  the 
photographic  material  has  been  reduced*  we  have  developed 
a  rapid  graphical  method  of  meteor  trail  reduction  in  order 
to  acquire  a  greater  body  of  data  with  which  to  study 
statistical  aapeots  of  the  faint  meteor  phenomena* 

Reasonable  estimates  of  the  mean  errors  in  the  computed 
heights  and  velocities  are,  respectively,  5  percent  and  5 
percent* 

Results  for  about  1000  meteors  are  included  in  this 
discussion*  Xn  general,  these  meteors  represent  a  homogeneous 
group  in  terms  of  apparent  maximum  magnitude*  Consequently, 
all  meteors  of  a  given  velocity  group  are  represented  by  the 
same  mass*  Zt  is  to  be  expected,  on  the  basis  of  the 
present  meteor  theory,  that  such  a  group  of  meteors  of 
the  earns  velocity  and  mass  should  appear  at  the  same  height* 

Zt  is  found  that  the  beginning  heights  for  meteors  with  normal 


llgit  curves  can  bo  noil  represented  by  the  relationship 
yov^  -  constant  where  />  is  the  atmospheric  density  and  v  is 
the  meteor  velocity* 

Among  the  meteors  studies#  a  group  or  low-velooity 
meteors  comprising  13  percent  of  the  total  are  peculiar  in 
the  sense  that  they  display  an  abrupt  rise  of  light  at  the 
beginning  of  the  trail*  A  typical  meteor  of  this  group 
will  rise  from  below  the  plate  limit  to  1  magnitude  above 
in  less  than  ^  seo*  Hie  shutter  breaks  often  become 
invisible  at  the  end  of  the  trajectory  (terminal  blending)* 

Both  of  these  phenomena  can  be  explained  by  a  sudden  increase 
of  the  effective  surface  area  of  the  meteoroid  by  fragmentation 
into  a  number  of  smaller  pieces*  The  differential 
daeeleration  of  fragments  of  different  sizes  cause  the 
meteoroid  to  spread  along  the  trail  and  obscure  the  shutter 
breaks* 

Meteors  of  this  group  do  not  Obey  th e/V3  *  constant 
law  for  beginning  points*  However,  the  point  at  which  the 
burst  takes  place  oan  be  described  in  terms  of  a  constant 
value  of  the  dynamic  pressure, 3  2*5*10^  dynee/sq  cm 
(0*02  atmospheres)*  Quite  likely  we  have  here  a  measure  of 
the  weak  crushing  strength  of  meteoritlc  material* 

The  height  corresponding  to  the  observed  value  o t 
is  greater,  at  all  meteor  velocities,  than  the  height 
corresponding  to  the  observed  value*  Consequently, 
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If  the  above  hypothesis  la  correct  wo  should  expect  to 
find  occasionally  a  hl#>- velocity  meteor  that  first  appears 
normally  at  the  proper  value  of  /V3  and  then  shows  a 
fragmentation  after  its  trajectory  has  carried  it  into  the 
ranee  where  crushing  may  ta toe  place*  Xn  1949*  Jaeohia 
reported  7  examples  of  hlgh*veloolty  meteors  that  displayed 
an  abrupt  increase  in  luminosity  some  time  after  their 
appearance*  The  average  value  of  /V2  at  the  point  of 
discontinuity  of  the  light  curve  agrees  with  the  value 
obtained  for  those  low*veloelty  meteors  of  this  study 
which  obey  the/V2  law* 

the  meteor  wake  has  also  been  studied  in  acme  detail* 

This  phenomenon  le  characterised  by  a  considerable  amount  of 
luminosity  in  the  shutter  breaks  of  the  meteor  trail*  A 
study  of  those  meteors  reduced  by  the  graphical  method  shows 
that  wake  occurs  predominately  in  low*veloolty  meteors*  Wo 
have  also  been  able  to  show*  conclusively*  that  the  persistent 
trains  are  produced  almost  entirely  by  meteors  of  high 
velocity*  Thus*  it  appears  to  be  almost  a  certainty  that 
we  must  require  some  new  process  to  font  the  wake*  Jaeohia1  s 
concept  of  the  continuous  fragmentation  of  meteors  offers 
an  obvious  starting  point* 

We  assume  that  nail  particles  are  detached  from  the 
meteoroid  and  dooelerate  with  respect  to  this  parent  body* 
thus  causing  the  luminosity  of  the  meteor  to  extend  over 
s  considerable  distance  at  say  given  instant* 


3ueh  an  aasunptlon  la  aufflolent  to  reproduce  the 
observed  wake  but  also  necessitates  that  a  large  fraction 
of  the  light  in  the  meteor  be  derived  from  the  fragments 
and  not  the  meteoroid  directly*  this  Is  consistent  with 
the  observed  values  of  the  ablation  constant*  o' and  with 
our  observations  showing  the  wake  to  be  most  noticeable  in 
low- velocity  meteors* 


